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ABSTRACT

Mesostructured Hydrophobic–Oleophobic Silica Films for Sustained Functionality
in Tribological Environments
Aaron J. Kessman
The primary goal of this research was to synthesize water- and oil-repellent coatings that offer
sustained functionality and durability. Engineered low surface energy materials generally suffer
from a lack of mechanical robustness, which makes them susceptible to damage by abrasive
wear. Fluorinated silanes are often combined with alkoxide precursors via sol–gel cocondensation to create coatings with high hardness and good substrate adhesion. However, a
common problem with these materials is that the organic moieties that provide low surface
energy also become surface segregated and highly concentrated at the solid-air interface. With
such a structure, mechanical removal of the top surface by abrasion, for example, reveals
subsurface areas that are then much less concentrated in terms of functional chemistry. The
material developed in this study was designed to overcome this problem by means of a tailored
and templated mesostructure that effectively encapsulated the low surface energy functional
moieties, and thus achieves sustained functionality during abrasive wear. This material, applied
as a thin coating to a variety of substrates, has the potential to reduce waste and pollution and the
environmental degradation of materials and structures. Improving the performance of such
materials can benefit a wide variety of applications. These include optoelectronic devices
including photovoltaic panels; automobile and aircraft; architectural structures; the chemical,
food, and medical industries for hygienic and anti-fouling requirements; textiles; and household
applications. This approach has further implications in areas such as boundary lubrication and
drug delivery systems.
Hydrophobic-oleophobic mesoporous fluorinated silica films were synthesized via sol-gel cocondensation and coated on glass substrates. Fluorosilane and surfactant template concentrations
were varied to elucidate the effect of organic functionality and porosity on performance.
Structural, chemical, mechanical, surface, and tribological properties were investigated to
examine the performance of functionalized mesostructured thin films in abrasive environments.
Analytical techniques included XPS depth profiling, porosimetry, AFM and friction force
microscopy, nanoindentation, contact angle goniometry, and stylus profilometry. Controlled
abrasion was conducted using a lab-built instrument. Hydrophobic and oleophobic properties
were monitored ex-situ during abrasion to observe and quantify changes in functionality as the
material is worn.
Experimental results show that surfactant templating aids in generating an internal mesostructure
that facilitates encapsulation of functional moieties. This encapsulation allows exposed surfaces
to be sacrificially worn away while maintaining much of the original functionality. The results of
tribological measurements, as observed through abrasive wear testing, friction force mapping,
and wear rate calculations, suggest that the low-friction surface generate by fluorosilane moieties
grafted to internal pore surfaces mitigates to some extent the detrimental effect of film porosity
on hardness and wear resistance.
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1. General introduction
In this project, I developed a sol-gel derived silica film with hydrophobic-oleophobic functional
cellular mesostructure that provides needed durability through sustained functionality. Currently,
no techniques have been established which adequately address the need for substantially durable
functional coating materials. Sustained functionality is accomplished by creating an internally
functionalized cellular mesostructure within a hard ceramic film. The mesostructure, in the form
of pores with diameters of several nanometers, allows exposed surfaces to be sacrificially worn
away while maintaining a high degree of the original functionality. To illustrate the concept,
Figure 1 shows a schematic of a hydrophobic film maintaining its functionality even though it
has been partially worn.

θ

θ

functionalized
mesostructure
θ

θ

non-mesostructured

non-mesostructured

unworn coating

worn coating

unworn coating

worn coating

Figure 1. Cellular mesostructure preserves functionality of worn surface.

The film matrix material was a silica organic-inorganic hybrid formed by hydrolysis and
condensation of tetraethoxysilane in alcohol, water, and hydrochloric acid. This matrix material
has good mechanical properties, thermal stability, and optical transparency, which enables
multiple potential applications. Sol-gel synthesis provides for flexible processing and tailoring
for specific applications, such as for deposition on metallic, polymeric, or ceramic substrates. A
surfactant template was used to fabricate the specific cellular mesostructure. Templating was
accomplished by the technique of evaporation induced self assembly and co-condensation of
fluorinated functional silanes around micellar pores. This technique has been demonstrated to
yield predictable, reliable results for functionalization of internal surfaces. The concentrations of
fluorinated silane and templating surfactant were the primary variables in this investigation.
Various analytical techniques were used to determine the mechanisms behind functional
durability and how it relates to the composition, processing, and structure of the material.
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Ultimately, the composition of the fabricated material is nearly identical to current state of the
art. The issue was one of manipulating the processing to achieve a unique, tailored structure that
greatly improves material performance. In addition to non-wetting, other applications may
benefit from sustained functionality, such as anti-corrosive, anti-icing, and anti-microbial
coatings – all of which depend on specific interactions between an exposed solid surface and the
environment.
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2. General background
As outlined in the introduction, the goal of this research activity was to develop a durable
hydrophobic-oleophobic coating. This is possibly by using a sol-gel silica hybrid material,
templated to produce pores, which are functionalized internally using a fluorinated organosilane.
This general background section introduces these various fields and provides a review of
literature that relates to the proposed research.

2.1. Hydrophobic-oleophobic materials
Hydrophobicity and oleophobicity are terms used to describe the resistance of a solid material to
wetting by, respectively, water/polar molecules and oil/non-polar molecules. There are many
reasons why these might be desirable properties, since this non-wetting influences how the solid
interacts with other solids as well in terms of friction and adhesion forces, which are generally
low in both cases. There are a wide variety of applications for materials with hydrophobic or
oleophobic properties, or both. Furthermore, it is of great interest to be able to apply a thin film
of such materials as coatings on larger bulk substrates. The thin film is then said to afford a
specific functionality to the substrate. Non-wetting, easily-cleaned coating materials are
beneficial for a wide range of applications, including solar panels [1-3]; architectural structures
[4]; optical displays and touch panels; textiles [5]; and industrial/anti-fouling [6], automotive,
and household applications [5,7]. Non-wetting is a form of chemical repellency that prevents
build-up of contaminants that impede the ability of the substrate to function and may even
damage it.

Relative wetting behavior is a function of interacting intermolecular forces of adhesion and
cohesion between molecules in a solid, liquid, and vapor triphase system. The Young equation
relates these forces as:

γ SV = γ SL + γ LV ⋅ cos θ

Equation 1
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Where:

γ = surface free energies at the interface of the three solid-liquid-vapor interfaces
θ = contact angle (CA) formed at the intersection of the three phases [8]

vapor

γLV
Liquid θ
γSL
solid

γSV

Figure 2. Contact angle of liquid drop on solid surface.

Figure 2 shows a schematic of this system. The contact angle (CA) is easily measured
macroscopically. A CA of 0º corresponds to complete wetting and 180º to perfect non-wetting.
The terms hydrophobicity and oleophobicity do not refer to specific contact angles, but rather are
relative terms with which specific contact angles may be compared [9]. That is, one surface may
be more hydrophobic than another, but the term hydrophobic does not specify a specific contact
angle. Nonetheless, hydrophobicity is popularly accepted as CA >90º for water. Oleophobicity is
even more loosely defined, and there is no generally accepted minimum CA. The most common
oils for measuring oleophobicity are n-hexadecane and oleic acid [10-13]. CAs for these oils are
usually substantially lower than those of water since these fluids have lower surface energies and
thus wet more easily.

Regarding the materials used to impart non-wetting properties, hydrophobicity is a relatively
easy state to achieve, since many nonpolar materials may be used, including many common
polymers such as polyethylene, polydimethylsiloxane, and the like [14]. However, oleophobicity
is more difficult, owing to the inherently lower surface energies of organics. Consequently,
fluorinated materials are the only ones commonly available that exhibit sufficient oil-repellency.
Polytetrafluoroethylene (PTFE) is the most widely used fluoropolymer, although there are many
others as well [7].

Superhydrophobicity refers to an apparent CA >150º for water [14]; although high apparent CAs
for oils are achievable, they are much less common [15] (collectively they are known as
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ultraphobic materials). The CA is called “apparent” because it does not represent the true CA for
a corresponding flat surface material. Extremely high apparent CAs are only possibly by making
a micro- or meso-scale textured or composite surface that either creates entrapped air pockets for
liquid drops to sit on instead of wetting the entire surface or entraps drops to confined areas [16].
These states are referred to as Cassie-Baxter and Wenzel states, respectively, and are shown
schematically in Figure 3.

Figure 3. Superhydrophobic surfaces. Left, Cassie-Baxter state of drop suspended over vapor pockets; right, Wenzel
state of drop entrapped by surface asperities.

The study of super-repellent surfaces is more a matter of engineering surface morphology and
topography than it is a matter of engineering specific surface chemistry [14]. Figure 4 shows an
example of such surface engineering and how it is biomimetic, having been inspired by the
surface microstructure of lotus and lily leaves [17]. The pillars shown in Figure 4(a) were
fabricated by soft lithography of sol-gel silica followed by functionalization with fluorinated
silanes. In general, such features may be formed by a variety of additive or subtractive processes,
either by lithography or self-assembly [14,16].

Figure 4. Artificial super hydrophobic coatings (a) inspired by lily leaves (b) (from [17]).
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However, conventional hydrophobic-oleophobic and ultraphobic materials and surfaces suffer
from low mechanical strength and low abrasion resistance. The weakness of PTFE, the most
widely used hydrophobic-oleophobic material, is compounded by its low adhesive strength to
substrates [18]. Engineered microstructured surfaces such as those shown in Figure 4 are
notoriously fragile and lack adequate durability. To compound the problem, the damaged
surfaces are often rendered even worse (more hydrophilic and easily wetted or soiled) than they
were before functionalization [19].

To overcome these deficiencies, many researchers have turned to using sol-gel methods to apply
a fluorinated organic monolayer to solid substrates or as monolayers atop hardened films, such as
those reported by Yoneda [20] and Giessler [21]. These can perform better than bulk
fluoropolymers owing to the strong Si-O film-substrate bond accomplished by sol-gel chemistry.
Sol-gel furthermore allows for high thermal stability and optical transparency [22]. During film
deposition the fluorinated organosilane moieties, which impart the low-energy surface, align at
the solid-air interface because of their chemical nature – it is this very repellency that makes
them useful [23]. This surface stratification makes it difficult to incorporate the functional
moieties into the bulk, so they reside in a molecularly-thin region at the air interface. Although
the chemical bond to the substrate is strong, the material as a functional coating still lacks
functional durability because the surface monolayer is easily worn.

Some interesting methods have been employed by other researchers to combat this inherent
difficulty, such as by Hong et al. and Cui et al. [24,25] where a textured surface was used to
create mountains that protect functionalized valley areas from abrasive wear. Nonetheless,
surface alignment and stratification is inevitable and abrasive wear still had a large and
immediate impact on surface functionality. Furthermore, the materials developed by Hong and
Cui are not inherently more durable since their functional durability depends on substrate
pretreatment, not on the coating composition or microstructure. It would be advantageous to
develop a coating formulation that would work independently of the substrate condition since it
is not always possible or desired to texture the substrate surface.

7

2.2. Sol-gel silica and hybrids
As mentioned in section 2.1, films based on silica sol-gel synthesis are widely used as matrix
materials for hydrophobic-oleophobic films owing to their strong mechanical properties, thermal
stability, flexible chemistry, and optical transparency [22]. As summarized in the handbook by
Wright and Sommerdijk [26], sol-gel synthesis is also popular for its relatively mild processing
conditions (near room temperature and pressure), low ionic strength acidity/basicity, and
especially in the case of silicon-based chemistry, convenient operating times. Furthermore,
composition and structure may be controlled precisely, enabling high-purity products, and
application to large three-dimensional objects is easily achieved by conventional low-cost
coating methods such as spinning, dipping, and spraying. Some disadvantages of sol-gel
processing are the potentially high cost of raw materials and the difficulty of casting large
monoliths – sol-gel is generally used only for thin films and colloidal powders. [26]

The fundamental chemical reactions for sol-gel synthesis are (reverse reactions in parenthesis):

Hydrolysis (reesterification):

≡Si-OR + HOH ⇌ ≡Si-OH + ROH

Equation 2

Water condensation (hydrolysis):

≡Si-OH + Si-OH ⇌ ≡Si-O-Si≡ + HOH

Equation 3

Alcohol condensation (alcholosis):

≡Si-OH + ≡Si-OR ⇌ ≡Si-O-Si≡ + ROH

Equation 4

The Si-OR molecule is termed the alkoxide precursor, and the R group is an organic component,
usually a short alkane of 1-4 carbon molecules in length. One common alkoxide precursor is
tetraethoxysilane (TEOS), having the structure

Figure 5. Chemical structure of tetraethoxysilane (TEOS).
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The reactions are catalyzed by either acidic or basic conditions, which result in products of films
or powders, respectively, based on the particular reaction mechanisms. In the case of acidic
conditions, the rate of condensation is rapid, so the monovalent silicic acid product of Equation 2
rapidly reacts with another like molecule in Equation 3 to form long polymeric chains. Under
basic conditions, the rate of hydrolysis is rapid, forming a tetravalent silicic acid product in
Equation 2. Subsequent condensation yields dense clusters which grow to form colloidal
particles. Once the reaction proceeds over a large volume, the system gels. Residual solvent can
then be removed, and the solid may be further densified by calcination and thermal
decomposition of organics. When dip coating using acidic conditions to form films, the reacting
molecules are driven into close proximity by solvent evaporation, and gelation proceeds at the
liquid-substrate meniscus to form a xerogel film. Figure 6 shows a schematic of the steady state
sol-gel dip coating process. The structure develops through draining, solvent evaporation, and
continuous condensation reactions that are accelerated by solvent losses. [27]

Figure 6. Schematic of steady state sol-gel dip coating, from [27].

The final product of a sol-gel derived silica film is an amorphous network of stoichiometric SiO2.
The microstucture is porous owing to the spaces originally filled by unreacted alkoxides and
solvent, and therefore the mechanical properties of hardness and elastic modulus are not as high
as they are for fully densified silica glass. Thermal processing in the range of 200-800ºC
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collapses the porous network to provide a material with density approaching that of conventional
silica glass.

In the mid 1980s, sol-gel derived inorganic-organic silica-organic polymer hybrids were first
combined to form composites with properties intermediate to those of conventional ceramics and
polymers [28,29]. Essentially this amounts to manipulation of one or more of the side groups on
the tetravalent alkoxide precursor in Equation 2. The -OR alkoxy groups participates in
hydrolysis, but when the same R is bound to the Si without the esteric oxygen, it does not
undergo hydrolysis. If R is a long polymer chain terminated on both ends with silanol groups,
then the polymer can become chemically bound to the surrounding and encapsulating silica
matrix and thus form a meso-scale composite.

Figure 7. Proposed structures of SiO2-PDMS hybrids for low (A) and high (B) PDMS content (from [30]).

Figure 7 shows a schematic example of such a composite on the molecular scale [30]. In terms of
mechanical properties, the bulk material becomes more polymer-like as the concentration and
length of the polymer chains are increased. This approach is attractive because the properties are
easily tunable by adjusting relative concentrations.

Alternatively, if the R groups are silanol-terminated only on one end and are unreactive at the
other, they act as silica network terminators. This function imparts flexibility to the otherwise
rigid silica network and is a useful means of preventing excessive build-up of destructive internal
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film stresses which can cause cracking. The incorporation of organics into the otherwise ceramic
material can enhance functionality, but it does limit the type of environmental exposure that the
materials can experience before degrading. Particularly, organic components degrade at higher
temperatures, so sol-gel silica hybrids are usually processed well below 400ºC [31].

2.3. Surface functionalization of sol-gel silica
Functionalization is an extension of the sol-gel silica hybrid class of materials described in the
previous sections. Functionalization entails using an organic R group with a specific function,
such as hydrophobicity or oleophobicity. The general structure for functional silanes is
RxSi(OR’)3-x where R is the functional moiety and OR’ participates in hydrolysis and
condensation. The product Fluorolink S10, which was used in this study, has the structure shown
in Figure 8 and an average molecular weight of 1850 g/mol.

Figure 8. Structure of Solvay Fluorolink S10. m/n =1.5-2.5, 2<n<5, and 5<m<9, from [32].

RxSi(OR’)3-x type molecules may bind to each other or a Si-OH surface via hydrolysis and
condensation. When surface-bound they form self-assembled monolayer films [33]. The choice
of perfluoropolyether silane was made in order to present the best possible surface for nonwetting properties. Fluorolink S10 has a fairly large molecular weight and two silane grafting
end groups. Longer functional molecules have been shown to increase the
hydropobic/oleophobic character of films [34,35], and the two grafted ends increases its
resistance to mechanical removal from the matrix [32]. Additionally, interchain hydrogen
bonding between amide moieties has been found to enhance monolayer stability [36,37].

There are generally two routes towards achieving functionalized silica surfaces by sol-gel
processing [38]:
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1. Post-functionalization: Also known as “post-synthesis grafting.” First, the silica film is
deposited, followed by high temperature calcination, which removes organics and densifies
the structure. In a second step, the functional silane is reacted to the surface. Postfunctionalization allows for high mechanical strength in the silica film since thermal
processing is not limited by organic degradation. However, the silica surface must be in the
correct chemical state for functionalization by silanes. This method involves multiple steps
and is generally only effective at functionalizing the outer surface as opposed to internal
pores. [39,40].
2. Pre-functionalization: The alkoxide precursors, both functional and non-functional, are
mixed together in one-pot co-condensation and deposited in a single step. Prefunctionalization (co-condensation) is more streamlined and allows for the functional
moieties to be intimately mixed with the matrix and more completely saturate the surface. As
mentioned above, the incorporation of organics limits thermal processing, and so mechanical
properties may suffer. Nonetheless, the organic nature of these functional moieties allows for
a myriad of potential combinations and applications. [40], [41]

2.4. Supramolecular templating of sol-gel silica
Silica material synthesized via sol-gel processing is inherently amorphous. Specific mesoscale
geometry (features on the order of 2-50 nm in size) may be imparted by the use of a
supramolecular templating technique. Supramolecular templating may be used in either film or
particle synthesis. Also known as surfactant or liquid-crystal templating, this technique uses
bottom-up self assembly processes to form soft structures which template the growth of hard solgel silica. Amphiphilic molecules or surfactants in aqueous solutions above the critical micelle
concentration (CMC) form higher-order multi-molecular structures or phases such as micelles,
lamellae, hexagonal cylinders, and reverse micelles depending on temperature, concentration,
and the specific chemical species. A silica sol which gels either in or around the surfactant
phases will be imparted with a complementary structure. Essentially, the synthesis is dynamic
with soft micelles forming a scaffold for densification of hard silica structures. This method was
first reported by researchers at Mobil who used it to synthesize highly porous particles that were
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envisioned as molecular sieves for catalysis and separations applications. They reported the
formation of close-packed hexagonal arrays of pores [42,43].

2.4.1. Mesoporous thin films and evaporation induced self assembly
The extension of this technique to the formation of mesoporous thin films (MTF) is known as
evaporation induced self assembly (EISA) since evaporation of the solvent rapidly concentrates
the surfactant in situ with the gelation process [44,45]. The process is complex and requires an
understanding of the thermodynamics and kinetics involved. The following figures illustrate this
dynamic process from different perspectives.

Figure 9 is a good starting point, since it provides a graphical interpretation of film deposition by
dip coating. At time = 0 s, the substrate is immersed in the liquid, film thickness is at a
maximum, and surfactant concentration is << CMC so it exists in free form. Withdrawal of the
substrate from solution begins the concentration process as solvents (alcohol and water) are
evaporated, and the film contracts. At t ≈ 4 s, the CMC is reached and surfactant structuring
begins, first with isotropic micelles and then with larger cylindrical conformations. At 10 mm
above the reservoir, the film collapses to its minimum thickness and the solids are completely
concentrated, resulting in a locking in of the supramolecular structure.

Figure 9. Schematic of EISA during dip coating, from [44].
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Figure 10 shows two phase diagrams that describe the dynamic sequence shown in Figure 9 [46].
The quarternary diagram (a) includes all of the four components commonly found in such
systems: water, ethanol, condensing silica, and the surfactant cetyltrimethylammonium bromide
(CTAB). The dashed line indicates schematically the pathway likely taken from the starting point
of wet film deposition to the end point of condensed film. There is an initial rapid loss of ethanol
via evaporation, then a slower loss of water, also through evaporation. The loss of both these
solvents concentrates the solids (silica and surfactant) towards the formation of supramolecular
structures. The lower portion of the figure (b) illustrates a projection onto the ternary phase
diagram, and shows in greater detail how the concentration of surfactant and water content affect
the mesostructures obtainable.

Figure 10. EISA pathway and structure map, from [46].

Figure 11 and Figure 12 show results of a set of experiments in which structure and composition
of films were monitored in situ with the EISA process [47]. Grazing incidence small-angle X-ray
scattering (GISAXS) combined with gravimetric analysis were used to obtain a quantitative
description of the process. Figure 11 shows in detail the results of an experiment which observed
in situ the EISA process. The pathway of Figure 10(a) is shown explicitly, and the system moves
sequentially from being non-structured/non-ordered at cCTAB<CMC, to structured/non-ordered in
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the isotropic region, and finally to structured/ordered in the hexagonal region. Various starting
concentrations of CTAB (molar ratio to Si precursor) were investigated, as well as the samples
labeled “WS” meaning “without silica.”

Figure 11. Ternary phase diagram for representative EISA systems, from [47].

Finally, Figure 12 shows in detail the structural evolution over time of one of the samples
(CTAB/Si = 0.12), with the spacing of the ordered structures being detected by GISAXS [47].
Again, there is an initial rapid concentration from solvent evaporation, and then the structures
progress through various stages, beginning with non-structured/non-ordered, structured/nonordered (isotropic, no order spacing detectable through GISAXS), and then three
structured/ordered phases with structures quantified by GISAXS.

15

Figure 12. Temporal structural evolution of EISA film, from [47].

The kinetics of EISA has been described as a “race towards order” [38,48]. Organization via
phase separation of amphiphillic molecules competes with viscous stiffening caused by alkoxide
condensation during sol-gel film formation. If organization dominates, the result is highly
structured, well ordered, and tightly packed pores; if the solution becomes too viscous before
complete phase separation, then the intermediate structure becomes frozen in place and a
disordered material is produced. Ordered mesopore structures usually occur at high surfactant
concentrations [49] and low functional silane concentrations [50].

2.4.2. Functionalized mesoporous thin films
Supramolecular templating has been used in conjunction with surface functionalization to yield
materials with internal functionality: functional mesoporous thin films (FMTFs). Applications
for such materials are generally those in which high functional surface area are beneficial,
namely in catalysis and separations. As in regular (outer solid-air interface) functionalization
described in Section 2.3, functional moieties have been grafted by either grafting/postfunctionalization or pre-functionalization/co-condensation. Figure 13 shows a schematic of these
synthesis pathways applied towards FMTFs.
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Figure 13. Synthesis pathways for functional mesoporous thin films, from [38].

Grafting has the advantage of allowing for high thermal treatment of the mesoporous material
without fear of damage to organo-functional groups, which allows for a denser and stronger
matrix. However, grafting suffers from being a multi-stage process, often leading to low loading,
and concentration of functional groups around the outer edges of the xerogel (low permeation
into interior). Co-condensation is in some ways complicated by the different reaction rates of the
functional silanes to tetravalent precurors, possible interactions with the other amphiphilic
molecules, and the limitation of thermal exposure posed by the organic components.
Nonetheless, it has been recognized as the generally preferable approach towards fabrication of
FMTFs because it generally leads to much more uniform entrapment of functionality in the
interior surfaces, higher loading – up to around 25% of functional silanes, and its single-step
deposition. [38,48]

2.4.3. Fluorinated mesoporous thin films
There is a small number of reports on the fluorine functionalization of mesoporous silica [35,5154]. Of these, some were concerned with synthesis of mesoporous particles only [51,52], which
follows an entirely different templating mechanism (basic) than does synthesis of mesoporous
films (acidic) [55]. Some of the works reporting synthesis of functionalized mesoporous
materials achieved functionalization through vapor-phase grafting [51,54]. The two works by
Bae, Jung, et al. [35,53] are the only ones in which the synthesis of FMTFs via co-condensation
with fluorinated silanes has been studied in detail. Bae, Jung, et al. have been concerned
primarily with engineering low-dielectric constant materials, and to this end have focused on
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maximizing porosity. Consequently, they report the formation of highly porous, structured, and
ordered materials. Since the proposed application for such materials is in integrated circuits and
electronics packaging, the films need not be exceptionally robust. However, a functionalized
surface coating exposed to more mechanical harsh environments needs to be examined more
rigorously in terms of its mechanical properties and sustained tribological performance.
Furthermore, it would be preferable to optimize the material to enhance its durability even at the
cost of some functionality. This has not yet been investigated.

2.4.4. Structure-Processing-Property Considerations
As implied by the phase diagrams in section 2.4.1, the chemical composition of the sol-gel
formulation has a profound effect on the resulting mesostructure. The major factor here is the
surfactant concentration, often expressed as a molar ratio to the silane precursor. Although the
relative concentrations of water and alcohol in the formulation affect structuring as well, this
ratio is usually varied between approximately 0.1-0.3 surfactant/Si. We should expect the same
concentration-dependent structuring from non-ionic surfactants, and this is indeed the case
[49,56-59]. However, the disordered phase structure seen at low concentrations of ionic
surfactants like CTAB is generally seen to extend into higher concentrations of surfactant when
using non-ionics. Non-ionic surfactants are available in a wide variety of configurations with
essentially customizable chain lengths of hydrophobic and hydrophilic moieties, so their use
introduces additional options and parameters for tailoring material properties. Two appealing
aspects of templating with block copolymers (Pluronic types) are the variability of pore size as
well as wall thickness, both of which may be expected to affect bulk film mechanical properties
[49].

In addition to the type and concentration of surfactant, the effect of the RxSi(OR’)3-x functional
silane cannot be overlooked [60]. Cagnol et al. introduced various types of functional silanes and
found a general trend that as the functionality moves away from hydrophobicity towards
hydrophilicity, pore size increased due to complex interactions between the organic moieties and
surfactant [61]. Shimojimam et al. used alkyl-silanes of varying organic chain length (i.e.,
functionally equivalent) and found that feature size increased linearly with chain length [62].
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This type of behavior was even seen when the functional silane is methyltriethoxysilane (MTES)
which has only a single carbon atom as its functionality and is otherwise so structurally and
functionally similar to TEOS. Jung et al. observed that porosity increased with MTES
concentration and that higher concentrations of MTES (>25%) disturbed pore ordering [50].
Zhang et al. used an amino-functionalized silane and found that pore size and overall volume
decreased with increasing functional content [63]. These results, which are, at first glance,
opposite to those of [50], were explained as resulting from interactions between the basic aminosilanes and acid used to catalyze the sol-gel reactions.

The amphiphilic nature of many functional silanes has also been shown to affect structuring in
ways complementary to the primary surfactant. Jung et al. reported that the presence of
fluorinated silanes, which are extremely amphiphilic, enabled the formation of highly structured
and ordered FMTFs at extremely low concentrations of surfactant – down to around 1/25 of the
usual surfactant content needed for structuring [35]. Structuring has even been observed when no
surfactants have been used at all, depending on the type of silane precursors being employed
[64].

EISA process kinetics and the locking in of relative order or disorder are affected by other
factors as well. Because the self assembly process is evaporation-induced, it may be expected
that the evaporation rate of solvents affects structuring. The ambient water content (relative
humidity) is of particular importance and has been shown to affect mesophase structuring [46].

Another factor that has been shown to affect structuring is the degree of aging of the silica sol.
The sol-gel hydrolysis and condensation reactions result in nascent chains and clusters of silica
that grow into nanoparticles. As the reactions proceed, the viscosity of the solution increases. If
viscosity is very high, micelles may form but be unable to rearrange into a close packed
formation and have only short-range order [50,62,65]. At the other extreme, if the sol is not
sufficiently aged, there may be insufficient silica to form a continuous gel [62,65-68]. As
indicated above in section 2.4.1, the stiffening effect of this viscosity increase is one of the key
players in the “race towards order” of EISA. In the literature, the effect of sol particle size is
often referred to as “aging.” However, even aging is sometimes not explicit. Some researches
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instead investigate the effect of acid and/or solvent concentrations, both of which affect the rates
of hydrolysis and condensation, and consequently, viscosity [62,63]. In any event, there exists an
optimum aging time for structuring of surfactant-templated sol-gel FMTFs.

In addition to composition, film processing conditions can affect structuring. Processing can take
the form of thermal calcinations, solvent washing, and ultraviolet light exposure. Processing is
usually done to remove residual organics within the material – if a truly porous material is
desired, the surfactant molecules must be removed [60]. These types of processing can
profoundly affect the composition and mesostructure. In the range of temperature from room
temperature to several hundreds of degrees Celsius, the organics (surfactants as well as organosilanes) can decompose, the silica matrix can densify and become harder, and the overall
porosity can increase [53,60,66,69]. Although in this study actual free-space porosity is not
critical, the mechanical properties are of critical importance.

Mechanical properties, most importantly the hardness, are affected by densification due to
thermal processing as well as the effect of mesoporosity itself. Thermal processing increases
hardness [69]. As porosity increased, hardness decreases [70,71]. Porosity itself, as well as
supporting wall thickness and resulting mechanical properties, can depend on the type of
surfactant being used for templating [72]. In addition, disordered structures have been found to
be harder than ordered structures [50,57].

2.5. Experimental methods
Various analytical techniques were used to determine the compositional, structural, chemical,
and physical properties of synthesized materials.

2.5.1. Reciprocating polishing testing
In order to characterize the material functional properties as a function of abrasion through the
coating depth, it is necessary to repeatedly remove a small amount of coating material and
continually measure the surface properties. Mechanical polishing is one way of providing mild
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and gradual abrasion that does not immediately or abruptly penetrate through to the substrate like
more severe testing (i.e., as through Taber abrasion) [73]. Measuring film thickness and liquid
CAs on the film surface can then be used to monitor properties throughout the coating depth.
Other experimental techniques provide information on other aspects of material properties and
composition.

Polishing was done using a lab-built device. This device uses a vertically-loaded, conformal
polishing surface to gradually wear through the surface of a film of thickness on the order of 1

µm. The key experimental parameters for tribology, such as reciprocating speed, stroke length,
and normal force, may be varied by changing motor and hardware settings. The values described
here are conditions which roughly simulate the type of stresses experienced by optoelectronic
devices during manual handling and cleaning.

The reciprocating polishing device (Figure 14 and Figure 15) is composed of a stepper motor
(NM34A200, Zaber) controlling a reciprocating end effector with stroke length of 50.8 mm and
speed of 0.1 Hz. The end effector is a 25 mm wide section of aluminum rod of 76 mm diameter,
has a total mass of 480g, and is allowed to float freely in the vertical direction. A cloth pad with
nap thickness of approximately 0.8 mm (90-150-285, Allied) the same width as the end effector
is adhered around the aluminum surface. The alumina particles in the polishing slurry becomes
entrapped in the cloth, and the weight of the end effector, combined with its reciprocation action,
provides the wearing action on a coating sample affixed in a pan below the end effector. This
configuration results in a nominal contact area of 1.75 cm2 and 4.70 N normal force. The pan
contains a pool or polishing slurry used for the duration of the test. The thick nap of the cloth
conforms to any unevenness in the coating or substrate to generate a uniform wear pattern
(Figure 16), which can be determined by mass loss or film thickness measurements. The circular
design of the end effector allows it to be easily indexed slightly between each experiment to
provide a fresh polishing cloth area. This can be done to minimize the effect of a worn
counterface.

The polishing slurry is may be made with 50 g of either 50 nm or 300 nm de-agglomerated
alumina (90-187015 and 90-187120, Allied) and 750 ml of deionized water, stirred vigorously
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for 30 min. This composition incorporates sufficient excess water to keep the alumina adequately
wet for the duration of the polishing process.

4.70 N
cloth pad
coated slide

0.1 Hz

abrasive slurry
Figure 14. Schematic of polishing wear apparatus.

Figure 15. Polishing wear apparatus.
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unworn coated slide

worn coated slide

Figure 16. Unworn coating on glass slide (top) and worn coating (bottom). The bracket shows the worn region of
the coating.

2.5.2. Contact angle goniometry
The hydrophobicity and oleophobicity of the coatings may be measured using a lab-built sessile
drop CA goniometer. The test fluids are deionized water and n-hexadecane. A 1-2 µl drop of
fluid is used so that, when viewed horizontally, the drop shape may be approximated as an arc of
a circle [74]. The CA between fluid and surface can then be calculated as the angle between the
arc and coated slide surface. CA measurement are performed by digital image analysis using the
LB-ADSA method in the “Drop Analysis” plugin [75] for ImageJ (NIH, USA).

2.5.3. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was used to analyze chemical composition through
depth profiling. XPS was conducted on an Physical Electronics PHI 5000 VersaProbe system.
The X-ray beam was 100 µm, 25 W, and 15 kV, from an Al Kα source with a photon energy of
1486.6 eV. Depth profiling was conducted by Ar sputtering a 2 mm square area at 4 kV and 10

µA. Samples were highly insulating, so charge neutralization was used was a 20 µA emission,
1.30 V bias, and 30.0 V extractor voltage. Spectra were collected from F1s, C1s, and Si2p levels,
with pass energy of 93 eV, energy step of 0.2 eV, and time/step of 50 ms. Spectra were collected
with multiple repeats and the data averaged.
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2.5.4. X-ray diffraction
X-ray diffraction (XRD) was used to quantify the degree of ordering of mesopores and the
packing geometry. XRD was conducted on a Bruker D8 Discover diffractometer with CuKα λ=0.15417 nm. Emission was set at 40 mA and 40 kV, and a 2θ step size of 0.01 º and
time/step of 1 s were used.

2.5.5. Atomic force microscopy
Atomic force microscopy (AFM)was conducted on a Molecular Imaging PicoScan 3000 system
in contact mode with Si tips on cantilevers of nominal k = 2.5 N/m and radius < 10 nm.
Deflection and force were calibrated by using the slope of the force curve on the approach and
the nominal cantilever spring constant. The adhesive force between the tip and film surface was
taken as the cantilever pull-off force adjusted by the cantilever resting position using a 5 nN
applied load [76]. Three approach-retract curves per location were averaged with sweep time set
to 1 s each, and five of these measurements were taken over random sample spots on the
specimens. Relative friction measurements were made by applying forces in the range of 0-50
nN to the tip scanning over 500 nm, generally at a speed of 10 µm/s. All measurements were
conducted at 21±2 ºC and 45±5 %. The tip was cleaned between samples by immersion in
acetone for 1 min followed by air-drying.

2.5.6. Stylus profilometry
Film thickness and roughness were measured on a Veeco Dektak 150 stylus profilometer.
Roughness was measured over a 1000 µm scan length. Film wear rates were calculated from a
weighted linear least squares regression fit of film thickness versus total sliding distance of the
reciprocating wear device and expressed as film thickness lost per meter sliding distance, nm/m.
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2.5.7. Nitrogen adsorption porosimetry
Porosity and pore size distribution were determined by N2 adsorption at 77 K using a
Micromeritics ASAP 2020 analyzer. Samples for porosimetry were taken from freestanding
films cast by evaporation of coating solutions and then calcined at 400 º for 24 hours. This
treatment was done to remove residual organics while minimizing film densification through
collapse of pores [77,78]. These samples were then degassed under vacuum at 120 °C for 1 hour
prior to the adsorption. The Barrett-Joyner-Halenda (BJH) method was applied to the adsorption
isotherm for the analysis of pore-size distribution. The porosity of the ﬁlms was determined from
the ratio of pore volume to sample volume, assuming a silica density of 2.2 g/cm3 [56,79].

2.5.8. Nanoindentation
Hardness was measured by nanoindentation (NHT CSM Instruments) of a 10 µm radius
spherical diamond indenter. The penetration depth was set to 10% of the coating thickness to
minimize substrate effects.

2.5.9. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was conducted on a PerkinElmer Pyris 1 TGA. Temperature
scans were conducted using a heating rate of 10 ºC/min.

2.5.10.

Transmission electron microscopy

Transmission electron microscopy (TEM) was conducted using a JEOL JEM-2100F instrument
operating at 200 kV.

25

3. Template-assisted encapsulation of fluorinated silanes in
silica films for sustained hydrophobic-oleophobic
functionality
This chapter describes the synthesis, chemical, surface, and structural properties of fluorinated
silica films which have been templated using a block copolymer surfactant. The effect of
surfactant concentration on sustained hydrophobic-oleophobic functionality was investigated.
The work presented in this chapter has been published in the Journal of Colloid and Interface
Science, doi:10.1016/j.jcis.2011.05.026.

3.1. Overview
This chapter explores the use of templated silica films as scaffolds for encapsulating surfacesegregating functional organic moieties as a mesoscopically dispersed phase with the goal of
imparting sustained functionality. Block copolymer surfactant templated hydrophobicoleophobic fluorinated silica films were synthesized via sol-gel co-condensation and coated on
glass substrates. Fluorosilane and surfactant template concentrations were varied, and coating
surface properties measured before and after abrasion of the top surface. Surface physical and
chemical properties were investigated using XPS and contact angle measurements. Nitrogen
adsorption porosimetry and TEM were used to examine the effect of templating and fluorosilane
encapsulation on the surrounding silica framework. The results show that surfactant template
concentration may be used to tune the dispersion of the fluorosilane-rich phase within the silica
film in order to allow exposed surfaces to maintain much of the original functionality of the
pristine top surface.

3.2. Introduction
Non-wetting anti-fouling coatings are most often based on one of three systems (1) soft
polymeric materials like polytetrafluoroethylene (PTFE), (2) highly textured surfaces with high

26
aspect ratio surface features, (3) surface active monolayers. All of these systems suffer from
inherent mechanical weakness which results in significant loss of functionality when subjected to
wear. One common approach to attempt to mitigate such a loss of functionality due to
mechanical damage is to apply hydrophobic-oleophobic layers by co-condensation of
fluorosilanes with silicon alkoxides, but this approach usually results in a solid-air interface layer
that is enriched in fluorinated moieties due to the thermodynamic drive of these components to
migrate to low-surface energy interfaces [23,80-82]. Once this surface-enriched layer is
removed, such as by mechanical abrasion, these coatings are also much less functional. To
overcome this problem we propose to use surfactant template-assisted encapsulation of
fluorosilanes as a mesoscopically dispersed phase within the silicon alkoxide coating framework.
This approach enables the sustained non-wetting functionality of the coatings even after removal
of the top surface.

Functional organic coatings are broadly applicable to a range of protective applications including
anti-fouling, anti-microbial [5,83-85], anti-icing [86], and anti-corrosive coatings [87]. However,
organic films are inherently weak and can be easily damaged and their functional properties
degraded by wear. To enable the development of coatings with sustained functionality, we
investigate the use of templated silica films as scaffolds for encapsulating surface-segregating
functional organic moieties along interior surfaces. Non-wetting hydrophobic-oleophobic
functionality was used as a probe to investigate this area, since it is easily and macroscopically
tested by measuring the contact angle of liquid drops on the surface; other types of functionality
such as anti-microbial or anti-corrosive require more elaborate analytical techniques.
Furthermore, the fluorine chemistry required for hydrophobicity and oleophobicity presents a
challenging system, since these molecules will be more surface-segregating than other organics.

Non-wetting coating materials are in their own right beneficial for a wide range of applications,
including solar panels [1-3]; architectural structures [4]; optical displays and touch panels; and
industrial/anti-fouling [6], automotive, textile, and household applications [5,7]. There are many
reasons why hydrophobic and oleophobic functionality might be a desirable property, since nonwetting is a form of chemical repellency that prevents build-up of contaminants that impede the
ability of the substrate to function and may even destroy it. Furthermore, the fluorocarbon
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chemistry that produces hydro- and oleo-phobicity influences how the solid interacts with other
solids as well in terms of friction and adhesion forces, which are generally low in both cases
[88]. It is of great interest to be able to apply a thin film of such materials as a protective coating
on larger bulk substrates. However, conventional hydrophobic-oleophobic materials and surfaces
suffer from low mechanical strength and low abrasion resistance. The weakness of
polytetrafluoroethylene (PTFE), the most widely used hydrophobic-oleophobic material, is
compounded by its low adhesive strength to substrates [18]. To overcome these deficiencies,
many researchers have turned to using sol-gel methods to apply a fluorinated organic-silane
monolayer to solid substrates or as monolayers atop hardened films such as through cocondensation [20,21,80]. These can perform better as thin films than bulk fluoropolymers owing
to the strong Si-O film-substrate bond accomplished by sol-gel grafting. Sol-gel, furthermore,
allows for high thermal stability and optical transparency [22]. When fluorinated organosilanes
are combined by co-condensation with an alkoxide matrix, the functional moieties migrate to and
align at the solid-vapor interface during film deposition [80,82]. They do so because of their
phase-segregating nature and thermodynamic drive to minimize surface energy – it is this very
repellency that makes them useful [23,81]. This surface segregation and stratification make it
difficult to incorporate the functional moieties into the bulk, so they tend to concentrate in a
molecularly-thin region at the air interface. Although the chemical bond to the substrate is
strong, the material as a functional coating still lacks durability because the concentrated surface
layer is easily worn [4].

Some methods employed by other researchers to combat this inherent difficulty include using
textured surfaces to create mountains that protect functionalized valley areas from abrasive wear
[20,24,25]. Nonetheless, surface alignment and stratification are inevitable and abrasive wear
still has a large impact on surface functionality, eventually destroying the coating functionality
by destruction or removal of the functional monolayer. Furthermore, it would be advantageous to
develop a coating formulation that would work independently of the substrate condition since it
is not always possible or desirable to texture the substrate surface.

The focus of the work presented here is to investigate the use of surfactant templated films as a
sacrificial scaffold for fluorinated silanes that provide sustained hydrophobic-oleophobic
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functionality even after exposure to abrasive wear. Surfactant templating has been used to
fabricate mesoporous films that are popular for applications like catalysis and separations and so
are generally engineered for high porosity and surface area. There are some reports on the
fluorine functionalization of mesoporous silica [35,51-54]. Of these, only the works by Bae,
Jung, et al. [35,53] involve synthesis of mesoporous films via co-condensation with functional
moeties, which, unlike the post-synthesis grafting approach, is the only templating route that
fully incorporates the functional groups in the bulk, in addition to being a single step process.
Bae, Jung, et al. have been concerned primarily with engineering low-dielectric constant
materials, and to this end have also focused on maximizing porosity. Consequently, they report
the formation of highly mesoporous and ordered materials. However, for many applications, a
functionalized surface coating exposed to mechanically harsh environments needs to be
examined more rigorously in terms of its sustained functional performance. Generally, studies of
templated mesoporous films have sought to form highly porous and ordered networks. Ordered
networks usually require a relatively large concentration of the templating surfactant. In our case,
we have sought to minimize the surfactant concentration since increased porosity tends to
degrade the mechanical properties. The chemical properties of functional mesoporous films with
have not been examined as much in terms of subsurface functionality and functional durability,
and that area is the subject of our research.

3.3. Experimental section
3.3.1. Preparation
Fluorinated silica films were synthesized at room temperature via co-condensation of fluorinated
silane with an alkoxide silica precursor in the presence of a surfactant. Tetraethoxysilane (TEOS,
Acros Organics) was used as the alkoxide. A perfluoropolyether silane (FPES, Fluorolink S10,
Solvay Solexis) was used for functionalization in order to present the best possible surface for
non-wetting properties. Fluorolink S10, which has the structure shown in Figure 17, was selected
for this study because it has a fairly large molecular weight (average = 1850 g/mol) compared to
perfluoroalkylsilanes and two silane grafting end groups. Longer functional molecules have been
shown to increase the hydropobic/oleophobic character of films [34,35], and two grafted ends
increases resistance to mechanical removal from the matrix [32]. Additionally, interchain
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hydrogen bonding between amide moieties has been found to enhance intermolecular stability
[36,37,89]. Pluronic F127 (MW = 12600, PEO106PPO70PEO106, a gift from BASF) was used as
the surfactant template.

Figure 17. Chemical structure of Fluorolink S10, m/n=1.5–2.5, 2<n<5, and 5<m<9 [32].

Coating solutions were synthesized in 35 g batches as follows. First, TEOS was hydrolyzed with
water and a small amount of HCl in the molar ratio 1-xfTEOS:4H2O:0.001HCl. After 60 minutes
of stirring, FPES was added and the sol stirred for 5 minutes to allow FPES hydrolysis. The sol
was then diluted with ethanol to achieve a final molar ratio of 1-

xfTEOS:xfFPES:4H20:0.01HCl:20EtOH. The sol was stirred for an additional 24 hours and
filtered through a 0.47 µm filter. The surfactant template was then added at a concentration xs,
expressed as a mass percent of F127 to total silanes = 100% × F127/(TEOS + FPES + F127).
The range of xf was 0.2-0.4, and the range of xs was 0-10%. After several minutes of mixing to
ensure homogeneity, the sols were coated on soda-lime glass microscope slides by dip coating at
a withdrawal speed of 200 mm/min in ambient air (23 ± 2 ºC, 45 ± 5 % relative humidty). Slides
were first cleaned by sonication at 40ºC for 15 minutes each in an acid-based detergent, multiple
washes of deionized water, and finally acetone. Coated films were then dried for 24 hours at
ambient conditions before curing at 200 ºC for 3 hours in a box furnace with a ramp rate of 10
ºC/min.

3.3.2. Characterization
Static contact angles were measured by placing five drops (~1.0 µL each) approximately 1 mm
apart using a manual microsyringe. This was done to cover a macroscopic and representative
area, compared to the microscopic size of film structural features, and the results were averaged.
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Deionized water and n-hexadecane (Alfa Aesar) were used as test fluids. Images were captured
using a digital microscope and analyzed using the LB-ADSA method in the “Drop Analysis”
plugin [75] for ImageJ.

Static contact angles were used to determine the surface energy of the various surfaces being
investigated. According to the Owens-Wendt method [90], surface energy, γ, is the sum of two
components:

γ = γ d +γ

p

(5)

where γd is the dispersive component and γp the polar component. The solid, liquid, and vapor
interfacial energies are related to liquid contact angle by the Young equation [8]:

γ SV − γ SL = γ LV cos θ

(6)

Owens and Wendt considered the surface energy of a solid to be a geometric mean of dispersive
and polar components, which when combined with the Young equation yields:
d
d
p
γ LV (cos θ + 1) = 2 γ LV
γ SV
+ 2 γ LV
γ SVp

(7)

d
p
The two unknowns in equation (3), γ SV
and γ SV
, may then be solved for using measured values
d
p
of cosθ for at least two liquids of known γ LV
and γ LV
. γ SV of the solid surface of interest may
d
p
and γ LV
= 21.8 and 51.0
then be calculated using equation (1). The test liquids used here had γ LV

mN/m, respectively for water, and 27.6 and 0 mN/m, respectively for n-hexadecane [91].

Contact angles were measured on pristine coating surfaces and on coatings abraded to remove
the top surface and expose the internal functional surfaces. These were abraded with an aqueous
slurry of 0.3 µm alumina particles (90-187120, Allied) is trapped in a cloth pad (90-150-285,
Allied). The pad was in contact with the surface over a nominal area of 175 mm2, and a 4.70 N
normal force was applied while the pad reciprocated over a stroke length of 35 mm at 0.1 Hz
[92]. Film thickness and roughness were measured on a Veeco Dektak 150 stylus profilometer.
Roughness was measured over a 1000 µm scan length.

Thermogravimetric analysis (TGA) was conducted on a PerkinElmer Pyris 1 TGA. Samples for
TGA included Pluronic F127 used as provided, FPES gelled by mixing with 0.1 N hydrochloric
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acid and ethanol, and gelled functional sols cast by evaporation of coating solutions.
Temperature scans were conducted using a heating rate of 10 ºC/min.

X-ray photoelectron spectroscopy (XPS) was conducted on a Physical Electronics PHI 5000
VersaProbe system. The X-ray beam was 100 µm, 25 W, and 15 kV, from a monochromatic Al
Kα source using charge neutralization and pass energy = 93 eV. Depth profiling was conducted
by Ar sputtering a 2 mm square area at 4 kV and 10 µA. Spectra were collected from F1s, C1s,
and Si2p levels. X-ray diffraction (XRD) was conducted on a Bruker D8 Discover diffractometer
with Cu-Kα radiation (λ=0.15417 nm, 40 mA, 40 kV), a 2θ step width of 0.01 º, and a step size
of 1 s.

Porosity and pore size distribution were determined by N2 adsorption at 77 K using a
Micromeritics ASAP 2020 analyzer. Samples for porosimetry were taken from freestanding
films cast by evaporation of coating solutions and then calcined at 400 º for 24 hours. This
treatment was done to remove residual organics while minimizing film densification through
collapse of pores [77,78]. These samples were then degassed under vacuum at 120 °C for 1 hour
prior to the adsorption. The Barrett-Joyner-Halenda (BJH) method was applied to the adsorption
isotherm for the analysis of pore-size distribution. The porosity of the ﬁlms was determined from
the ratio of pore volume to sample volume, assuming a silica density of 2.2 g/cm3 [56,79].

Transmission electron microscopy (TEM) was conducted using a JEOL JEM-2100F instrument
operating at 200 kV.

3.4. Results and discussion
3.4.1. Chemical and structural properties
Coating thickness was measured by stylus profilometry and ranged from 300-700 nm. Thickness
increased linearly with both concentration of FPES and surfactant, since these organic species
add bulk to the alkoxide matrix.
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XRD measurements showed no discernable diffraction peak in the range of 0-5 2θ, indicating a
completely disordered mesoporous structure of the silica framework. Pore ordering depends on
many factors, perhaps most importantly on the concentration of surfactants used [68,71,78,93].
In the case of the films synthesized here the 10 % concentration of F127 surfactant, which was
the maximum used, is still substantially less than that normally used to obtain ordered structures.
The contact angle and XPS results indicate that the accumulation of residual surfactant
decomposition products decreases bulk hydrophobicity and oleophobicity for compositions with
great than 8 % surfactant. Therefore, there is no advantage in obtaining ordered structures in
terms of the non-wetting properties. Furthermore, the higher surfactant concentrations normally
required to generate ordered structures also result in higher porosity, which degrades the
mechanical properties of films.

Films were cured at 200 ºC for 3 hours to remove as much surfactant as possible while still
maintaining organic functionality. Isothermal TGA scans at 200 ºC showed the near-complete
decomposition of F127 surfactant after 10 minutes, as shown in Figure 18 (a), although 1.3 %
remained after 3 hours. Conversely, approximately 98.6 % of gelled FPES remained even after 5
hours at 200 ºC, and most of this lost weight is likely from residual water and alcohol
evaporation during the initial temperature ramp. Temperature scans showed the onset of
decomposition of F127 at 193 ºC and of gelled FPES at 257 ºC, as shown in Figure 18 (b).
However, functional films cured at 200 ºC for longer than 3 hours or for shorter periods of time
at temperatures slightly above 200 ºC showed diminished contact angles even though there is
minimal apparent weight loss from the FPES in those ranges. Therefore, the films analyzed in
this study were cured at 200 ºC for 3 hours, even though F127 decomposition was not 100 %
complete. This is in agreement with previously published research showing that the thermal
decomposition of PEO-PPO-PEO block copolymers such as Pluronic F127 in SBA-15
mesoporous silica begins at temperatures as low as 160 ºC [94,95], but decomposition
byproducts remain until much higher temperatures owing to stabilization by interaction with the
inorganic matrix and diffusion effects [95,96].

TGA analysis of functional films revealed that, without F127 the functional films lose
approximately 5 % weight by 200 ºC, as shown in both isothermal and temperature scans in
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Figure 18. The temperature scan profile for the non-templated and templated functional films are
nearly identical up to approximately 220 ºC, and the isothermal scan of the non-templated
functional film shows that this weight loss is rapid. Taken together, these results indicate that the
5 % weight loss is likely due to loss of water and solvents, which may be more entrapped in a
gelled sol than the FPES alone. Compared to the non-templated film, the film with 10 % F127
shows a weight loss of an additional 17.7 % after 3 hours of isothermal curing at 200 ºC. This
weight loss occurs more slowly than the loss of water and solvents. We also observe from the
temperature scans that the onset of this weight loss in the functional film occurs at a higher
temperature than pure F127 surfactant. Together with the isothermal TGA results, this suggests
that there are still some residual surfactant and/or decomposition products remaining in the films
cured at 200 ºC for 3 hours.

a

FPES

b

xf=0.04 / xs=0%

xf=0.04 / xs=0%
xf=0.04 / xs=10%
xf=0.04 /
xs=10%
F127

F127

FPES

Figure 18. (a) Isothermal TGA at 200 ºC of Pluronic F127, gelled FPES, and gelled functional sols of xf = 0.04
without F127 and with 10% F127. Inset shows first few minutes of F127 scan. (b) TGA temperature scans of the
same materials in (a).

Films were analyzed by XPS depth profiling, showing somewhat different characteristics at the
top surface and eventually stabilizing around an average composition. Figure 19 (a) shows a
sample depth profile (xf = 0.04 / xs = 8 %) showing film composition before the crossover point at
the film-substrate interface. Data were averaged from after film sputtering began to before the
crossover point, and these averages were used to compute atomic concentration ratios
representing the bulk film composition, which are represented in Figure 19 (b) and Figure 19 (c).
As illustrated by Figure 19 (a), and is typical of all the films measured, the composition is not
perfectly homogeneous throughout the thickness. This variability is expressed in the error bars of
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Figure 19 (a) and Figure 19(b), which represent 1σ of the atomic ratios, and is also observed
macroscopically as contributing to the variability of the CA measurements. Also observable in
Figure 19 (a) is the relatively high concentration of fluorine at the top surface (sputtering time =
0 min).

The trends shown in Figure 19 (b) and Figure 19 (c) indicate a moderate increase in the F/Si ratio
with increasing surfactant concentration. This indicates that templating encapsulates the
fluorosilanes, which would otherwise be more concentrated at the top surface due to their
thermodynamic drive to phase separate. Compared to the F/Si ratio, the C/Si ratio increases at a
significantly higher rate. Although the integration of the C1s core level spectra to compute
concentration includes some contribution from the C-F bonding present in the FPES, the
increased slope of the C/Si trend compared to F/Si indicates an accumulation of other carboncontaining species. We also observed this directly from the C1s spectra (example shown in inset
to Figure 19 (a)) that show an increase versus surfactant concentration in peaks centered in the
range of 284-288 eV, which represent various C-C and C-O type bonding, and a much smaller
increase in intensity of peaks in the range of 292-295 eV, which represent C-F bonds. Taken
together, these results confirm the incomplete decomposition and removal by thermal treatment
of the F127 surfactant, and an accumulation of the surfactant molecule and/or its decomposition
byproducts trapped within the pores and silica matrix.
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Figure 19. (a) XPS depth profile of film with composition xf = 0.04, xs = 0.08. Inset shows sample C1s spectra from
film surface (blue) and from bulk (red). Atomic concentration ratios, (b) F/Si and (c) C/Si, determined by XPS depth
profiling for various compositions synthesized.

Films cured at 200 °C for 3 hours showed no significant internal surface area when analyzed by
nitrogen adsorption porosimetry. An extended high-temperature treatment at 400 °C for 24 hours
was necessary in order to sufficiently decompose surfactant and FPES molecules within the
matrix and obtain a true porous structure. This treatment revealed a mesoporous silica framework
with pore size and pore volume dependent on concentrations of FPES and F127 surfactant.
Consequently, the functional films contain a mesoscopically dispersed flurosilane-rich phase
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while technically not being mesoporous. Nonetheless, porosimetry provides a measure of the
void space in the silica framework left by removal of the dispersed functional phase, which is
useful in characterizing the mechanical properties of the coatings [79]. While the pores are filled
in the functional material, the organic FPES and surfactants are soft and contribute little to the
overall mechanical properties of the film. Furthermore, the high-temperature treatment should
densify the material through the condensation of the silica matrix, contracting it around the pores
and shrinking them [60,97,98]. Therefore, the porosity and pore diameters reported here should
be understood as somewhat relative measurements that are proportional but not identical to the
true properties of the films that were not exposed to the high thermal treatment. The BJH
method, furthermore, is based on an assumption of cylindrical pore geometry [99], which the
TEM micrographs that follow indicate is not the case in this study. Pore size distributions
obtained by the BJH model applied to non-ideal pore geometry tend to underestimate pore size
[100]. Nonetheless, as TEM micrographs below indicate, the porosimetry calculations are quite
close to what we observe in the micrographs.

a

b

Figure 20. (a) Nitrogen adsorption-desorption isotherms on calcined films synthesized with different fluorosilane
and surfactant concentrations. (b) BJH pore size distributions of calcined films synthesized with different
fluorosilane and surfactant concentrations.

Some sample nitrogen adsorption-desorption isotherms are shown in Figure 20 (a). For clarity,
some isotherms have been omitted, and the figure shows isotherms from films synthesized with
the entire range of FPES concentrations studied and at the two extreme concentrations of
surfactant, xs = 0 and 10 %. All samples analyzed showed IUPAC type IV isotherms, which are
characteristic of mesoporous materials. The trend is that both FPES and surfactant concentration
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increase the total adsorbed volume and shift the mesopore size to longer dimensions. Without
surfactant addition we observe that the calcined material is still mesoporous, owing to the
strongly amphiphilic nature of fluorosilanes, which have been shown to act as mesoporous
templates synergistically with extremely small quantities of surfactants [53].

In all cases, addition of surfactant drops the adsorbed volume in the range of micropore filling,
while increasing it at higher pressures which represent the capillary condensation in the
mesopore size range. This transition is confirmed by the BJH pore size distributions of the same
samples, shown in Figure 20 (b), which were calculated from the adsorption isotherms. The pore
sizes distributions shift to larger dimensions and spread out considerably once the surfactant is
introduced. This seems to imply that without a pore template, FPES molecules in the bulk of the
film reside as small molecular aggregates, which are evenly distributed throughout. Upon
calcination the FPES is removed and leaves behind small pores with narrow size distribution,
which is common when organosilanes are co-condensed with TEOS [101]. In our case the size of
those pores, around 4 nm in diameter, are somewhat larger than the IUPAC classification of
micropores (<2 nm) which reflects the relatively large size of each individual FPES molecule
(MW = 1850) compared to smaller organosilanes. When the surfactant template is added, it
allows the FPES to arrange at higher concentrations at the pore surfaces than in the bulk, and this
is most likely due to the FPES acting as a cosurfactant together with the F127 as has been
described by Bae, et al. [53].

a

b

Figure 21. (a) Porosity fraction and average pore diameter of calcined films synthesized with xf = 0.04 and various
surfactant concentrations. (b) Porosity fraction and average pore diameter of calcined films synthesized with xf =
0.02 and various surfactant concentrations.
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We observe a moderate monotonic increase in porosity across the range of surfactant
concentrations studied, as shown in the plots of porosity fraction versus surfactant concentration
summarized in Figure 21 (a) and (b). Average pore size based on BJH analysis increased at low
surfactant concentration, but then was approximately constant at moderate to higher surfactant
concentrations, as is shown by the plots of pore diameter in Figure 21 (a) and (b). This is due to
the competing factors of pore volume and pore size: since pore volume must increase with
addition of surfactant mass, we may expect pore size to become limited [102]. Overall, these
values of porosity and pore size are consistent with those observed by Fan et al. when using a
pore swelling agent of molecular weight similar to that of our FPES [70].

a

b

Figure 22. TEM micrographs of films with composition xf = 4 / xs = 10 %. (a) shows film cured at 200 ºC for 3
hours, and (b) a film cured at 400 ºC for 24 hours. Both scale bars = 20 nm.

TEM microscopy was used to verify the structural characteristics of films, particularly regarding
pore morphology, distributon and ordering, and any structural differences between films cured at
200 ºC for 3 hours and 400 ºC for 24 hours. Sample TEM micrographs are shown in Figure 22,
which are the same film cured at (a) low temperature and (b) high temperature. The film in (a)
shows a low contrast between the pores and matrix, owing to the encapsulation of a large
quantity of organics. The film in (b) shows higher contrast due to their calcination. In both
micrographs we observe the non-circular and asymmetrical pore morphology and the lack of any
long-range pore order. We also note that the sizes of the pores are quite variable, but are overall
consistent between the two micrographs. This indicates that the BJH model still provides a useful
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measure of pore size for this material with an accuracy of within ~10% as determined by digital
image analysis.

3.5. Surface physicochemical properties
As deposited, all films were smooth with roughness Ra < 5 nm. All unworn films had contact
angles in the range of 105-110 º for water and 63-67 º for n-hexadecane, with standard deviations
of < 2 º. The contact angles on unworn surface were independent of FPES concentration, which
is often the case provided that the concentration of the hydrophobic moiety exceeds a minimum
threshold [81,82]. After abrasion, the thickness of the films decreased. Contact angles of water
and n-hexadecane were measured intermittently after multiple abrasion cycles done in order to
remove the top surface and expose the internal functional surfaces. After several abrasion cycles
the contact angles (CA) decreased, eventually fluctuating around some average value, reported
here as the bulk contact angle. After abrasion the roughness of the film surfaces increased to
between 15 and 20 nm and remained in that range during all subsequent abrasion cycles, so the
contact angle measurements can be considered unaffected by surface roughness effects.

Figure 23 (a) shows a sample plot of CA versus normalized penetration depth by abrasion for
films synthesized with xf = 0.04 and different surfactant concentrations. As surfactant
concentration is increased, we observe a gradual increase in the CA of water as measured on the
film bulk, as opposed to the unworn top surface. Bulk contact angle for water and oil versus
composition data are summarized in Figure 23 (b). Although all surfaces are strongly
hydrophobic when unworn, the CA measured after abrasion depends substantially on the overall
concentrations of FPES and surfactant added during film synthesis. For example, although
addition of surfactant can increase the CA of water from 47 º to 64 º when xf = 0.02, the CA can
not be increased beyond this point due to conservation of mass – there must be sufficient
fluorinated moieties to provide a non-wetting surface. Clearly, at xf = 0.02 the available surface
area for functionalization is not saturated, since increasing xf positively influences the maximum
attainable CA. Ultimately, the bulk CA of water may be increased substantially from < 50 º to >
90 º, depending on how FPES and surfactant concentrations are balanced.
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Figure 23. (a) Contact angle of water as a function of normalized penetration depth into coating after abrasion for
films synthesized with different surfactant concentrations (shown in legend) and xf = 0.04. (b) Average contact angle
of water and n-hexadecane measured on worn subsurface areas for compositions with various FPES and surfactant
concentrations.

At higher surfactant concentrations the water CAs decrease slightly. We attribute this
phenomenon to the accumulation of the surfactant template and its decomposition products in the
film bulk. These hydrophilic species may not be completely removed by the relatively mild
thermal treatment used here, which has been minimal in order to protect the FPES from
decomposition as discussed above in discussion of TGA results. We believe that these products
are not completely removed, and that they mitigate the hydrophobic effect of the fluorinecontaining moieties, which is reflected in the XPS analysis that shows accumulation of
carbonaceous species.

a

b

Figure 24. (a) Total surface energy of pristine top surface and worn and exposed subsurface areas for compositions
with various FPES and surfactant concentrations. (a) Polar and dispersive components of surface energies shown in
(a).
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Calculation of surface energy and the contribution from polar and dispersive components
provides further insight into the composition and properties of the films. We observe that the
pristine top surface had low surface energy = 15.5±0.6 mJ/m2 that was invariant of film
composition as shown in Figure 24 (a) and is consistent with previously reported values for a
surface covered with the same FPES molecules [81]. The polar and dispersive contributions to
this were 1.1±0.3 mJ/m2 and 14.4±0.4 mJ/m2, respectively. These values are characteristic of
fluorinated organics like PTFE that have only minimal polar contribution to an overall low
surface energy. Meanwhile, the surface energy of worn and exposed subsurface areas of films
was dependent on both FPES and surfactant concentrations. Total surface energy decreased with
increasing FPES concentration, decreased with low to moderate surfactant concentrations, and
increased slightly at higher surfactant concentrations, as shown in Figure 24 (a). These results are
consistent with the CA and XPS analyses that showed a fluorine-enriched top surface compared
to the various subsurface compositions. Films synthesized without addition of surfactant
template showed subsurface values of γd and γp similar to those reported for a completely nonfunctional film synthesized with TEOS only [81]. In both cases of films templated with xf = 0.02
and 0.04, the decrease in surface energy with increasing surfactant concentration was due in
larger proportion to the polar component of surface energy, as is shown in Figure 24 (b). This is
the results of substitution of silanol groups with fluorinated segments, which act more strongly
on the polar component of surface energy [90]. XPS showed a moderate increase in the F/Si ratio
with increasing surfactant concentrations. We see here that this increased encapsulation of
fluorosilanes is able to lower the polar component surface energy more dramatically than it is the
dispersive component, which changes much more subtly.

3.6. Conclusion
The conventional model of hydrophobic-oleophobic films synthesized by co-condensation of
fluorosilanes with silicon alkoxides is that of a solid-air interface layer that is enriched in
fluorinated moieties due to the thermodynamic drive of these components to migrate to lowsurface energy interfaces [23,80-82]. Consequently, these conventional coatings may be strongly
non-wetting and have low-surface energy when pristine, but upon wear and exposure of the bulk
subsurface regions, the films are much less functional. We hypothesized in this paper that the
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bulk concentration might be increased if a surfactant template is used to encapsulate the
fluorosilanes and aid their meso-scale dispersion in the bulk, with the intent of increasing
hydrophobicity and oleophobicity when the subsurface regions are exposed after abrasion. We
have shown here that the concentrations of Pluronic F127 PEO-PPO-PEO block copolymer
surfactant and perfluoropolyether silane may be tuned to achieve a bulk functionality that is
significantly greater than that of a conventional, non-templated film. XPS analysis showed that
the F/Si atomic ratio increased upon addition of surfactant, although only from a minimum of
0.67 to a maximum of 0.83 across the entire range of surfactant concentrations studied.
Meanwhile, porosimetry suggests that the fluorosilane acts as a co-surfactant to increase the size
of the mesoscopically dispersed fluorosilane-rich phase. Consequently, we believe that the
observed increase in bulk non-wetting behavior originates from a synergistic effect of chemical
encapsulation and physical arrangement in mesoscopic volumes of specific size. The results of
this work suggest that it may be possible to tune the encapsulation of other types of organic
functionalities such as corrosion resistance and anti-fouling. The combination of smaller
surfactants and additional swelling agents could provide a new route to synthesis of these
materials.
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4. Structural, mechanical, and tribological properties of silica
films with encapsulated hydrophobic functionality: effect
of functional moiety and surfactant template
concentrations
This chapter describes the effect of composition on the structural, mechanical, and tribological
properties of the mesostructured films. Porosity was related to the hardness of films, and the
affect of these properties on wear was investigated in light of the changes in friction coefficient
of exposed surfaces due to the encapsulation of the organofunctional groups.

4.1. Overview
Thin organo-functional coatings are inherently weak and can be easily damaged and their
functional properties degraded by wear. Encapsulating organo-functional moieties into
surfactant-templated ceramic coatings has the possibility of extending the functional lifetime of
such materials. This study examines the effects of functional silane and surfactant template
concentrations on the structural, mechanical, and tribological properties of hydrophobic silica
films. Fluorinated silica films were synthesized via sol-gel co-condensation of tetraethoxysilane
(TEOS) and a perfluoropolyether silane (FPES) and coated on glass substrates. The range of
functional silane concentrations investigated was x = 0.02–0.05, with (1-x)TEOS:(x)FPES
representing the molar ratios of the two species. Pluronic F127 was used as the surfactant
template in a concentration of 8 % by mass with respect to total silanes. Contact angle
measurements were used to measure the functionality of exposed surfaces. Nitrogen porosimetry
was used to quantify mesostructure, nanoindentation was used to measure mechanical properties,
and AFM was used to measure coefficient of friction. Films were gently abraded with a fine
alumina slurry, and wear rates were determined by film thickness measurements on a stylus
profilometer. The results show that the concentrations of fluorinated silane and surfactant
template affected functional durability. However, surfactant templating creates void spaces
which are detrimental to the mechanical properties of the material. Tribological results suggest
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that the low-friction surface generated by encapsulation of fluorosilane moieties grafted to
internal surfaces mitigates to some extent the detrimental effect of film porosity on hardness and
wear resistance.

4.2. Introduction
Non-wetting transparent coatings are beneficial for a wide range of applications including solar
panels [1-3]; architectural structures [4]; optical displays and touch panels; and industrial/antifouling [6], automotive, textile, and household applications [5,7]. Conventional hydrophobic
materials and surfaces suffer from low mechanical strength and low abrasion resistance. The
weakness of hydrophobic polymers like polytetrafluoroethylene are compounded by low
adhesive strength to substrates [18]. Monolayers or thin coatings may be synthesized by sol–gel
co-condensation of fluorinated silanes with alkoxide precursors to create hard functional films
[20,21]. These can perform better as thin films than bulk fluoropolymers owing to the strong SiO film-substrate bond accomplished by sol-gel grafting. However, when fluorinated silanes are
combined by co-condensation with an alkoxide matrix, the functional moieties migrate to and
align at the solid-vapor interface during film deposition [23,81]. This surface stratification makes
it difficult to incorporate the functional moieties into the bulk, so they tend to reside more
concentrated in a molecularly-thin region at the air interface. Although the chemical bond to the
substrate is strong, the material as a functional coating still lacks mechanical durability because
the surface layer is easily worn [4].

We have reported previously on the synthesis of coatings in which fluorinated silanes have been
encapsulated within the bulk of the film as a mesoscopically dispersed phase formed by
evaporation-induced assembly with a surfactant template [103]. Template-assisted encapsulation
of the functional moiety allows the bulk of the film to remain substantially more hydrophobic
than films that have not been templated. However, encapsulation is linked to an increase in film
porosity compared to the non-templated material, and increasing porosity lowers the hardness of
mesoporous sol-gel films [70,71]. On one hand, decreasing hardness should yield a higher
abrasive wear rate. On the other hand, encapsulation of fluorosilanes yields not only more
hydrophobic but also lower-friction internal surfaces. While we might expect softer materials to
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wear easily, low-friction surfaces may resist wear. These relationships are not easily predicted a
priori, and this study will seek to elucidate through experiment how composition and structure
affect the functional durability of these mesoscopically structured films.

4.3. Experimental section
4.3.1. Preparation
Fluorinated silica films were synthesized at room temperature via co-condensation of fluorinated
silane with an alkoxide silica precursor in the presence of a surfactant. Tetraethoxysilane (TEOS,
Acros Organics) was used as the alkoxide, a perfluoropolyether silane (FPES, Fluorolink S10,
Solvay Solexis, MW = 1850 g/mol) was used for functionalization, and Pluronic F127 (MW =
12600 g/mol, PEO106PPO70PEO106, a gift from BASF) was used as the surfactant template.
Coating solutions were synthesized in 35 g batches as follows. First, TEOS was hydrolyzed with
water and a small amount of HCl in the molar ratio (1-x)TEOS:4H2O:0.001HCl. After 60
minutes of stirring, FPES was added and the sol stirred for 5 minutes to allow FPES hydrolysis.
The sol was then diluted with ethanol to achieve a final molar ratio of (1-

x)TEOS:(x)FPES:4H20:0.001HCl:20EtOH. The range of x, the FPES molar concentration, was
0.02–0.05. The sol was stirred for an additional 24 hours and filtered through a 0.47 µm filter.
Some coatings were not templated, in which case the concentration of surfactant template was =
0. For those that were templated, F127 was added at a concentration of 8 mass percent
(concentration = 100% × F127/(TEOS + FPES + F127)). Coating formulations described in this
test will use the convention FxSy, where x is the molar concentration of FPES and y is the mass
percent surfactant. Table 1 provides a summary of these formulations.

After several minutes of mixing to ensure homogeneity, the sols were coated on soda-lime glass
microscope slides by dip coating at a withdrawal speed of 200 mm/min in ambient air (23 ± 2 ºC,
45 ± 5 % relative humidity). Slides were first cleaned by sonication at 40ºC for 15 minutes each
in an acid-based detergent, multiple washes of deionized water, and finally acetone. Coated films
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were then dried for 24 hours at ambient conditions before curing at 200 ºC for 3 hours in a box
furnace with a ramp rate of 10 ºC/min.
Table 1. Various starting formulations investigated in this study. All are expressed in molar proportions, with the
exception of F127 which represents a mass percent compared to total silanes.
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FPES
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HCl
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F127

F2S0

0.02
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4
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0

F2S8

0.02

0.98

4

0.001

20

8

F3S0

0.03

0.97

4

0.001

20

0

F3S8

0.03

0.97

4

0.001

20

8

F4S0

0.04

0.96

4

0.001

20

0

F4S8

0.04

0.96

4

0.001

20

8

F5S0

0.05

0.95

4

0.001

20

0

F5S8

0.05

0.95

4

0.001

20

8

4.3.2. Characterization
Static contact angles were measured by placing five drops (~1.0 µL each) of deionized water
approximately 1 mm apart using a manual microsyringe. This was done to cover a macroscopic
and representative area, compared to the microscopic size of film structural features, and the
results were averaged. Images were captured using a digital microscope and analyzed using the
LB-ADSA method in the “Drop Analysis” plugin [75] for ImageJ.

Films were abraded using a lab-built reciprocating polishing wear apparatus. The details of the
instrument are available elsewhere [92]. Briefly, this instrument uses a vertically-loaded,
conformal polishing surface to uniformly and gradually wear through the surface of a film of
thickness on the order of several hundred nanometers. The polishing media, composed of an
aqueous slurry of 0.3 µm alumina particles (90-187120, Allied), is trapped in a cloth pad (90150-285, Allied). The pad is in contact with the surface over a nominal area of 175 mm2, and a
4.70 N normal force is applied while the pad reciprocates over a stroke length of 35 mm at 0.1
Hz. These conditions were chosen to represent conditions similar to that of a finger touching an
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electronic sensor or manual cleaning of devices like solar panels. Samples were periodically
removed for analysis, before which they were cleaned with water followed by alcohol to remove
residue from abrasion.

Film thickness and roughness were measured on a Veeco Dektak 150 stylus profilometer.
Roughness was measured over a 1000 µm scan length. Coating wear rates were determined from
multiple measurements of film thickness at multiple sliding distances until the coatings were
completely worn. Wear rates were calculated using the equation

K=

V
S ⋅F

where V is the wear volume in mm3, S the total sliding distance in m and F is the applied normal
load in N.

Optical transmission was measured using a UV-vis spectrometer (Jaz, Ocean Optics) on coatings
deposited by dip coating on glass slides. X-ray diffraction (XRD) was conducted on a Bruker D8
Discover diffractometer with Cu-Kα radiation (λ=0.15417 nm, 40 mA, 40 kV), a 2θ step with of
0.01 º, and step of 1 s.

Porosity and pore size distribution were determined by N2 adsorption at 77 K using a
Micromeritics ASAP 2020 analyzer. Samples for porosimetry were taken from freestanding
films cast by evaporation of coating solutions and then calcined at 400 º for 24 hours. These were
then degassed under vacuum at 120 °C for 1 hour prior to the adsorption. The Barrett-JoynerHalenda (BJH) method was applied to the adsorption isotherm for the analysis of pore-size
distribution.

Hardness and elastic modulus were measured by nanoindentation (NHT CSM Instruments) of a
10 µm radius spherical diamond indenter. Values reported here were obtained from a penetration
depth of 10% of the coating thickness to minimize substrate effects.
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Atomic force microscopy was conducted on a Molecular Imaging PicoScan 3000 system in
contact mode with Si tips on cantilevers of nominal k = 2.5 N/m and radius < 10 nm.
Simultaneous imaging and friction measurements were made by applying forces in the range of
0–50 nN to the tip scanning over 500 nm at a speed of 10 µm/s. All measurements were
conducted at 21±2 ºC and 45±5 %. The tip was cleaned between samples by immersion in
acetone for 1 min followed by drying in air.

4.4. Results and discussion
4.4.1. Functional properties
All unworn films had water contact angles (CA) in the range of 105-110 º with standard
deviations of < 2 º, and these were independent of FPES concentration. After a small number of
wear cycles (sliding distance < 20 m), the contact angles decreased, eventually fluctuating
around some average value, reported here as the bulk contact angle. The coatings were all
relatively smooth (Ra < 20 nm) both before and after polishing wear, and so the contact angle
measurements can be considered unaffected by surface roughness effects. Bulk CA versus
composition data are summarized in Figure 25. We observe that the CA of surfactant templated
coatings is higher than that of the non-templated coatings at each FPES composition except for
that with FPES = 0.05, in which case the CA for templated and non-templated films are similar.
As reported previously, the observed increase in hydrophobicity of exposed internal surfaces
with increased surfactant concentration is due to encapsulation of FPES into the coating bulk
[103]. The composition of F5S0 shows a large increase in bulk CA compared to F4S0. At this
high concentration of FPES, the CA remains close to 90 º independent of surfactant
concentration, indicating that a different mechanism is dominating the formation of these films.
As discussed later in the section on tribological properties, these films were worn in a
discontinuous manner, with areas of the coating delaminating from the substrate even at a low
number of abrasion cycles. This film discontinuity limits the measurable CA of ~1 µl drops even
though the concentration of FPES is very high.
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Figure 25. Average contact angle of water measured on subsurface areas of coatings that have been exposed by
abrasion. Data are shown for films with various fluorosilane concentrations both with and without surfactant
template.

Optical transmission measurements showed that all films were highly transparent in the visible
range. Compared to the transmission of the soda-lime glass slides, which was 91.5 % across the
visible range, the average transmission of all coatings were higher and exhibited interference
fringes, as can be seen from Figure 26. These properties are indicative of coatings that have a
lower refractive index than the glass substrate, which has been shown to result from
incorporation of fluorinated organics and mesoporosity effects [53,104-106]. Differences arise
between the coatings due to their different composition and structure.
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Figure 26. Optical transmission of templated and non-templated coatings on glass synthesized with fluorosilane
concentrations: (a) 0.02, (b) 0.03, (c) 0.04, and (d) 0.05.

4.4.2. Structural and mechanical properties
Coating thickness was measured by stylus profilometry and ranged from 300-700 nm. Thickness
increased linearly with both concentration of FPES and surfactant, since these organic species
add bulk to the alkoxide matrix. XRD measurements showed no discernable diffraction peak in
the range of 0-5 2θ, indicating a completely disordered mesoporous structure of the silica
framework. In terms of mechanical properties, this may be advantageous, since disordered
structures have been found to be harder than ordered structures [50,57].

51
Nitrogen adsorption-desorption isotherms are shown in Figure 27(a). All samples analyzed
showed IUPAC type IV isotherms, which are characteristic of mesoporous materials. Without
surfactant addition we observe that the calcined material is still mesoporous, owing to the
strongly amphiphilic nature of fluorosilanes, which have been shown to act as mesoporous
templates synergistically with extremely small quantities of surfactants [53]. As FPES
concentration is increased from 0.02–0.05, the total adsorbed volume increases, indicating an
increase in porosity. Figure 27(b) shows BJH pore size distributions for these same films. Pore
size generally increases with FPES concentration, although we observe that for the film with
composition F5S0, the pore size distribution has become somewhat broader than the nontemplated films with lower FPES concentration. Even more pronounced is the effect of
surfactant templating, which shows that the pore size distribution of F5S8 has shifted
considerably to larger sizes and has become very broad, which contributes to the lower porosity
of this material. At this extreme the structure of the framework may begin to be compromised by
the high concentration of FPES compared to TEOS. At this point the FPES may physically
interfere with gelation of the silica framework during film deposition, possibly resulting in a
disordered and even partially lamellar structure. Such a structure could result in a lowering of
porosity, an increasing in calculated pore size, and a substantial widening of the size distribution,
all of which we observe from the data in Figure 27(a) and (b).
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Figure 27. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore size distributions of calcined films
synthesized with different fluorosilane concentrations both with and without surfactant template. (c) Porosity
fraction and (d) average pore diameter of calcined films synthesized with different fluorosilane concentrations both
with and without surfactant template.

Figure 27 (c) and (d) show a summary of porosimetry data. Porosity increases linearly with
FPES concentration when no surfactant is added. There is a small increase in porosity due to the
inclusion of 8 % surfactant, except in the case of the composition F5S8. For F5S8, as mentioned
above, the structure has changed substantially compared to all the other films, and the BJH
model, which assumes cylindrical pores, may no longer be appropriate. Average pore diameter
increases monotonically for templated and non-templated films. However, as can be observed
from the BJH pre size distributions, the entire shape of the distribution must be considered.

Nanoindentation hardness and elastic modulus are summarized in Figure 4. Both hardness and
modulus decrease with surfactant concentration, which is expected based on the increasing

0.06
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porosity. Hardness also decreases with addition of fluorosilanes, since these are soft and more
compliant than the silica framework. Overall, the hardness values are similar to those reported
for similarly porous films using large molecular weight swelling agents [70]. In that study,
nanoindentation hardness values were in the range of 0.2–0.7 GPa for a porosity range of 0.45–
0.6.
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Figure 28. Nanoindentation (a) hardness and (b) elastic modulus of films synthesized with different fluorosilane
concentrations both with and without surfactant template.

4.4.3. Tribological properties
As deposited, all films were smooth with roughness Ra < 2 nm as measured by stylus
profilometry over 1000 µm scan lengths. During wear, after 10 m of sliding (90 cycles), the
roughness of the film surfaces increased to between 15 and 20 nm and remained in that range
during all subsequent wear cycles. Figure 5(a) shows an optical micrograph of a film with
composition F4S8 worn for 100 m. The film surface shows shallow wear tracks parallel to the
sliding direction, and wear is caused by cohesive failure of the coated material due to mild
abrasion. This behavior was noted for all films with composition of FPES = 0.02–0.04. However,
for films with FPES = 0.05, the primary wear mechanism was different. Figure 5(b) shows a film
with composition F5S8 worn for only 20 m. In this micrograph we observe shallow wear tracks
on the coated portion that are parallel to the sliding direction. The roughness of these parts was <
20 nm. However, large areas of the coating have been removed in a pattern indicative of
adhesive failure and delamination of the coating from the glass substrate. This adhesive wear
contributes to the high wear rates observed for the films with FPES = 0.05, as shown below.
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Figure 29. Optical micrographs (a) of film with composition F4S8 worn for 100 m, and (b) film with composition
F5S8 worn for 20 m. Sliding direction of wear for both micrographs is from bottom left to top right. Scale bars are
100 µm.

Figure 30 shows the wear rates of films with the various compositions studied here. The wear
rate of non-templated films increases roughly linearly in the range of FPES = 0.02–0.04, and
then nearly doubles at FPES = 0.05. As described above, this is due to the rapid loss of material
by delamination from the substrate. The wear rates of templated films were higher than those of
the non-templated films for each corresponding FPES concentration. We attribute this to the
increased porosity and lower hardness of the templated materials. Although porosity increases
and hardness decreases for templated films in the range of FPES = 0.02–0.04, the wear rate
increases only slightly in this range, and it then increases greatly at FPES = 0.05. Based on the
porosimetry and hardness data alone, which indicate that templating creates a more porous and
therefore less mechanically robust structure, these observations are not expected. We might
expect that since porosity and hardness both trend linearly with respect to FPES, the wear rate of
the templated films should have a linear dependency as well – at least in the range of FPES =
0.02–0.04, prior to the onset of adhesive wear at F5S8. This would place the wear rate of F4S8
between F3S8 and F5S8. Clearly the observations do not coincide with these predictions.
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Figure 30. Wear rate of films synthesized with different fluorosilane concentrations both with and without surfactant
template.

To help explain this phenomenon, relative friction coefficients were determined. Friction was
measured on films that had been partially worn for 20 m sliding distance (180 cycles) in order to
expose the inner surface, which is what was presented to the abrading media for most of the
coating lifetime and was always less hydrophobic and less lubricious than the unworn top
surface. AFM was selected for tribological characterization in this study since the actual
tribological contact using the reciprocating apparatus is between the film and 0.03 µm alumina
particles, so the contact of an AFM probe tip is more appropriate than a larger scale tribometer
even though a macroscopically large area was worn on each film. Areas selected for friction
force measurements, summarized in Figure 31, were areas of the subsurface exposed by wear
and not just the lightly top surface, as will be detailed below in discussion of the AFM
micrographs. The relative friction coefficient is observed to decrease with surfactant and FPES
concentration, since the films that are more hydrophobic are also lower friction due to the
lubricating nature of fluorocarbon materials. Consequently, there should be a mitigating effect on
wear rate of lower friction surfaces, provided that the film material has sufficient cohesive shear
strength and substrate adhesion. For films with FPES = 0.05, the material still wears quickly
even though it is lubricious, and this is partially due to the adhesive failure of the coating from
the substrate, as well as its low hardness.
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Figure 31. Relative friction coefficients of subsurface areas of coatings that have been exposed by abrasion. Friction
was measured using AFM with a Si tip scanning at a speed of 10 µm/s.

Topographical and friction force micrographs were also obtained using AFM, and these reveal
interesting surface properties of the coatings. The sliding direction of wear for all micrographs
was from top left to bottom right, and all films were worn for 20 m to expose the interior pore
surfaces. Topographical micrographs have been scaled automatically by the software, and the
vertical range is provided in the figure captions. Friction force micrographs show higher friction
areas in brighter shades and lower friction in darker shades, and the vertical range expressed as a
raw voltage signal is provided in the figure captions. The micrographs shown below were
selected because they show an interesting range of coating compositions, structures, and
tribological behaviors.

The film with composition F2S0 in Figure 32 (a) exhibits some shallow wear tracks parallel to
the sliding direction. We observe also that the wear is delamination-like: the surface has worn in
a step-like manner, with the exposed subsurface regions being approximately 30 nm below the
top surface. This change in thickness is close to the average film thickness measurements
obtained by stylus profilometry. The friction force micrograph obtained of the same surface,
shown in Figure 32 (b) shows that the higher surface in (a) are lower friction areas and that the
exposed subsurface has a higher coefficient of friction. More details of these surfaces are shown
in Figure 32 (c) and (d), which show a magnified view of the same F2S0 surface. The worn film
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with composition F3S0 is shown in Figure 33 (a) and (b). The delamination-like pattern of wear
of the top surface is similar to that observed for F2S0.

a

c

b

d

Figure 32. Topographic and friction force micrographs captured by AFM of partially worn films. Sliding direction
of wear for all micrographs is from top left to bottom right, and all films were worn for 20 m sliding distance. (a)
Topography of film with composition F2S0, scan size: 8 µm x 8 µm, vertical topography range: 50 nm. (b)
Simultaneous friction force map of film in (a), vertical range = 0.20 V. (c) Topography of film with composition
F2S0, scan size: 2 µm x 2 µm, vertical topography range: 35 nm. (d) Simultaneous friction force map of film in (c),
vertical range = 0.18 V.
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Figure 33. Topographic and friction force micrographs of captured by AFM of partially worn film. Sliding direction
of wear for both micrographs is from top left to bottom right, and films were worn for 20 m sliding distance. (a)
Topography of film with composition F3S0, scan size: 2 µm x 2 µm, vertical topography range: 25 nm. (b)
Simultaneous friction force map of film in (a), vertical range = 0.12 V.

Figure 34 (a) and (b) show topographical and friction force micrographs F4S0. The top surface
again shows shallow wear tracks parallel to the sliding direction, and in certain areas it has been
removed in a step-like manner from the subsurface areas approximately 30 nm below. The film
with composition F4S8 is shown in Figure 34 (c) and (d). Here the top surface has been worn
away completely during the initial 20 m of sliding wear, and only the subsurface remains. Here
the wear tracks are apparent, and their maximum depth is 5 nm. A magnified view of this surface
is shown in Figure 35 (a) and (b). In these micrographs the mesostructure begins to be visible.
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Figure 34. Topographic and friction force micrographs captured by AFM of partially worn films. Sliding direction
of wear for all micrographs is from top left to bottom right, and all films were worn for 20 m sliding distance. (a)
Topography of film with composition F4S0, scan size: 2 µm x 2 µm, vertical topography range: 30 nm. (b)
Simultaneous friction force map of film in (a), vertical range = 0.15 V. (c) Topography of film with composition
F4S8, scan size: 2 µm x 2 µm, vertical topography range: 5 nm. (d) Simultaneous friction force map of film in (a),
vertical range = 0.04 V.

Topographical features such as steps and scratches have been shown to influence adhesion and
friction mapping using AFM due to the increasing area of interaction between the textured
surface and sharp tip [107-109]. Here we observe that only the deepest of the wear tracks
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detected in Figure 34 (c) are observable as artifacts in the friction force micrograph (d).
Likewise, there may be a small contribution of the topography in Figure 35 (a) to the frictionforce distribution in (b). However, it appears that Figure 35 (b) shows that the internal pore
surfaces are low-friction areas compared with the matrix material that makes up the pore walls.
This is a result of the encapsulation of FPES within these mesoscopic pockets dispersed
throughout the film bulk.

a

b

Figure 35. Topographic and friction force micrographs of captured by AFM of partially worn film. Sliding direction
of wear for both micrographs is from top left to bottom right, and films were worn for 20 m sliding distance. (a)
Topography of film with composition F4S8, scan size: 0.5 µm x 0.5 µm, vertical topography range: 4 nm. (b)
Simultaneous friction force map of film in (c), vertical range = 0.03 V.

In designing hydrophobic-oleophobic films for sustained functionality in tribological
environments, several factors must be considered. First, non-wetting properties are determined
fundamentally through chemical means, so enhancing functionality must be attained through
increasing concentration of fluorinated moieties, as shown in Figure 36 (a). Using surfactants to
template the mesostructure enables this encapsulation of surface-segregating moieties, although
the surfactant itself tends to accumulate which increases wetting behavior. To create
mechanically robust functional materials, consideration must be given to the structural changes
induced by varying film composition, such as the changes in the pore size distribution and the
need to maintain strong mechanical properties by minimizing void space. Furthermore, the
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behaviour of the film during tribological contact is complicated by the contribution of functional
chemistry to creating a low-friction surface, which tends to reduce wear by abrasion. Figure 36
(b) shows a compilation of the wear rate behavior versus encapsulation of fluorine. Unlike the
data in Figure 36 (a), there is no clear linear trend here. The films with low F/Si had low to
moderate wear rates and the films with very high F/Si had high wear rates. However, films with
moderate F/Si had wear rates relatively unaffected by the F/Si ratio. These data indicate that
multiple mechanisms contribute to the mechanical robustness of these mesostructured functional
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Figure 36. a) Compilation of bulk contact angle of water versus F/Si atomic ratio for all compositions synthesized.
Line is linear best fit to the data. (b) Compilation of wear rate versus F/Si atomic ratio for all compositions
synthesized.

4.5. Conclusion
We investigated the composition-structure-properties relationships of transparent surfactant
templated hydrophobic sol-gel silica films. In creating mechanical robust functional materials,
consideration must be given to the structural changes induced by varying film composition, such
as the changes in the pore size distribution and the need to maintain strong mechanical properties
by minimizing void space. Fluorosilane and surfactant template concentrations were varied to
elucidate the effect of organic functionality and porosity on surface, structural, mechanical, and
tribological properties. We found that surfactant templating allowed worn films to be more
hydrophobic than their non-templated counterparts through encapsulation of fluorosilanes.
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Increasing concentrations of fluorosilanes and surfactant template resulted in more porous and
therefore softer films. Tribological investigation showed that hydrophobicity correlated to
increased lubricity. However, multiple mechanisms were involved in the abrasive wear of the
coatings. Hardness, lubricity, and coating-substrate adhesion were all found to influence the wear
of these materials. At lower fluorosilane concentrations, coating-substrate adhesion was found to
be sufficiently high that the primary cause of coating failure was abrasive wear. However, at
high fluorosilane concentrations, although the surfaces were hydrophobic without the aid of a
surfactant template, the coating structure became disrupted and rapid adhesive wear became the
dominant wear mechanism.
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5. Microtribological study of internal surfaces of fluorinated
mesoporous silica films
This chapter describes a microtribological investigation of the internal surfaces of fluorinated
silica films, comparing the properties of surfactant templated films to those of non-templated
films. Tribological properties, including the dependence of friction coefficient on sliding speed,
were compared to those of conventional functional monolayers in order to elucidate the
difference between these surfaces.

Reproduced with permission from A.J. Kessman, D.R. Cairns, “Microtribological Study of
Internal Surfaces of Fluorinated Mesoporous Silica Films,” Langmuir 27 (10) 2011, 5968-5975.
Copyright 2011 American Chemical Society. http://dx.doi.org/10.1021/la2000238 [103]

5.1. Overview
Fluorinated mesoporous silica films were synthesized via sol-gel co-condensation and coated on
glass substrates. Surfactant template concentrations were varied to examine the effect of
encapsulated organic functionality on the microtribological properties of films using atomic
force microscopy. Films were tested as synthesized and also after being abraded to expose
interior mesostructured surfaces. Results indicate that templating allows fluorinated moieties to
become encapsulated within the film, which affect the tribological properties of the exposed
internal surfaces. Depending on the amount of template added, the interior surfaces were able to
achieve a friction level comparable to that of conventional monolayers. The dependence of
friction on sliding speed revealed that fluorinated templated films have tribological properties
intermediate to those of a non-functional surface and a conventional fluorinated monolayer.

64

5.2. Introduction
Self-assembled monolayers have been studied extensively in terms of their tribological
properties as boundary lubricants [37,76,89,110-119]. Monolayers have been particularly useful
for preventing stiction, friction, and wear in microelectromechanical systems (MEMS) devices
[120-122]. Chemisorbed monolayers, such as those terminated by silane and thiol groups, have
been shown to be more resilient than Langmuir-Blodgett layers owing to their strong chemical
bonding to substrates as opposed to the physisorbed Langmuir-Blodgett films [119,123,124].
Furthermore, silanes have been shown to be more resistant to removal by wear than thiols, and
this has been attributed to the strong Si–O bonds of silanes compared to the weaker Au–S bonds
of thiols [114,124]. In general, the use of various monolayer types is interesting, since various
factors such as end-group chemistry, molecular packing arrangement, molecular mobility, and
conformation may be manipulated to affect microtribological properties.

Sol-gel films, in which functional groups are co-condensed with an alkoxide matrix, have
generally not been studied in terms of microtribological properties. In many cases, this may be
because these types of films do not offer any advantage over monolayers, since only the top
surface tends to be functional. During deposition, the organic functional groups such as
alkylsilanes or fluorinated silanes migrate to the liquid-vapor surface where they remain after
film solidification [92]. They do so because of their phase-segregating nature and
thermodynamic drive to minimize surface energy – it is this very chemical repellency that makes
them useful in lowering friction [23,81]. This surface stratification makes it difficult to
incorporate the functional moieties into the bulk, so they tend to be concentrated in a
molecularly-thin region at the air interface. What remains is an organo-functional monolayer
atop a hardened supporting film that has substantial thickness, usually in the hundreds of
nanometers, compared to the single nanometer scale thickness of the monolayer alone.

The focus of our study is to investigate the tribological properties of internally functionalized
surfactant-templated mesoporous films synthesized by co-condensation of a fluorinated silane
with tetraethoxysilane through the process of evaporation induced self assembly [38]. In these
films, the silica matrix acts as a scaffold for fluorinated silanes that are able to align at the
internal mesopore surfaces. If through surfactant templating the fluorinated moieties are
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encapsulated in the film bulk to a greater extent than in a non-templated film, we may expect that
once the top surface layer is removed, the interior functionality will present a low-friction
tribological surface. Scanning probe techniques such as atomic force microscopy (AFM) are
useful methods by which to probe these functional and partially-functional surfaces and
subsurfaces, since they are sensitive to physicochemical properties at small scales and spatial
resolutions. Furthermore, other functionalities may be encapsulated for a broad range of
applications including anti-fouling, anti-microbial [5,83-85], anti-icing [86], and anti-corrosive
materials [87].

Mesoporous films are generally popular for applications like catalysis and separations and so are
generally engineered for high porosity and surface area. Other applications include low-k
dielectric films for integrated circuits, and these have often been functionalized with
fluorosilanes [35,53]. While the mechanical properties of templated films have been studied [70],
the tribological properties of functional mesoporous films have not been examined as much. One
study examined the wetting and stiction properties of fluorinated sol-gel silica films with a
templated surface structure that enabled superhydrophobicity. Those authors used very high
concentrations of templates to create a rough surface texture, minimizing contact area and
stiction, but the subsurface properties were not probed [125]. Although sol-gel is frequently used
to create strongly-grafted chemically functional surfaces, the subsurface functionality has been
less examined, and this area is the subject our study. Microtribological investigations of the
subsurface are of broad interest because an understanding of the internal functionality provides
an indication of the efficacy of encapsulation. Additionally, for some applications, the top
surface may degrade over time, thus exposing the internal surfaces, and these should be
compared in terms of relative functionality. The ability to distribute surface-segragating
functional groups throughout the full thickness of a durable scaffold is of significant scientific
interest, since surface enrichment of organic functional groups is common for sol-gel hybrid
films [126]. To the best of our knowledge, this is the first time the subsurface properties of
functional films have been investigated with a focus towards effective encapsulation of the
functional moieties. Furthermore, tribological properties, such as friction-scan velocity
dependencies, can reveal information regarding the physical and chemical structure of surfaces.
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In this paper, we investigate the subsurface tribological properties of various fluorinated
mesoporous silica films compared to that of a conventional fluorinated monolayer. Film
composition and macroscopic functional properties were examined by contact angle
measurements and X-ray photoelectron spectroscopy (XPS) of the top surface and of films with
the top surface removed by mild abrasion or sputtering to expose the internal functional
mesostructure. AFM was used to determine the adhesive forces and microtribological
interactions between the Si/SiO2 tip and the various surfaces examined here. Relative friction
coefficients were determined, and the dependence of friction on sliding speed was examined and
related to accepted theories of physicochemical tribological interactions.

5.3. Experimental section
5.3.1. Preparation
Fluorinated silica films were synthesized at room temperature via co-condensation of fluorinated
silane with an alkoxide silica precursor in the presence of a surfactant. Tetraethoxysilane (TEOS,
Acros Organics) was used as the alkoxide. A perfluoropolyether silane (FPES, Fluorolink S10,
Solvay Solexis) was used for functionalization in order to present the best possible surface for
non-wetting properties. Fluorolink S10 was selected for this study because it has a fairly large
molecular weight (average = 1850 g/mol) compared to perfluoroalkylsilanes and two silane
grafting end groups. Longer functional molecules have been shown to increase the lubricity of
films [127] and two grafted ends increases resistance to mechanical removal from the matrix
[32]. Additionally, interchain hydrogen bonding between amide moieties has been found to
enhance intermolecular stability [36,37,89]. Pluronic F127 (MW = 12600, PEO106PPO70PEO106,
a gift from BASF) was used as the surfactant template.

Coating solutions were synthesized in 35 g batches as follows. First, TEOS was hydrolyzed with
water and a small amount of HCl in the molar ratio 0.96TEOS:4H2O:0.001HCl. After 60 minutes
of stirring, FPES was added and the sol stirred for 5 minutes to allow FPES hydrolysis. The sol
was then diluted with ethanol to achieve a final molar ratio of
0.96TEOS:0.04FPES:4H20:0.01HCl:20EtOH. The sol was stirred for an additional 24 hours and
filtered through a 0.47 µm filter. The surfactant template was then added at a concentration xs
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expressed as a mass percent of F127 to total silanes = 100% × F127/(TEOS + FPES + F127).
The range of xs was 0-8 %. For comparison, one coating was synthesized without FPES and with
a surfactant concentration of 8 %. After several minutes of mixing to ensure homogeneity, the
sols were coated on soda-lime glass microscope slides by dip coating at a withdrawal speed of
200 mm/min in ambient air (23 ± 2 ºC, 45 ± 5 % relative humidty). Slides were first cleaned by
sonication at 40ºC for 15 minutes each in an acid-based detergent, multiple washes of deionized
water, and finally acetone. Coated films were then dried for 24 hours at ambient conditions
before curing at 200 ºC for 3 hours in a box furnace with a ramp rate of 10 ºC/min.

5.3.2. Characterization
Static contact angles were measured by placing five drops (~1.0 µL each) of deionized water
approximately 1 mm apart on surfaces to cover a macroscopic and representative area, compared
to the microscopic size of film structural features, and the results were averaged. Contact angles
were measured on virgin coating surfaces and surfaces abraded with an aqueous slurry of 0.3 µm
alumina particles (90-187120, Allied) [92]. After abrasion, the films were washed with water and
isopropanol then dried in air in preparation for contact angle and microscopic analysis. Film
thickness and roughness were measured on a Veeco Dektak 150 stylus profilometer. Roughness
was measured over a 250 µm scan length.

X-ray photoelectron spectroscopy (XPS) was conducted on a Physical Electronics PHI 5000
VersaProbe system. The X-ray beam was 100 µm, 25 W, and 15 kV, from a monochromatic Al
Kα source using charge neutralization and pass energy = 93 eV. Depth profiling was conducted
by Ar sputtering a 2 mm square area at 4 kV and 10 µA.

Porosity and pore size distribution were determined by N2 adsorption at 77 K using a
Micromeritics ASAP 2020 analyzer. Samples for porosimetry were taken from freestanding
films cast by evaporation of coating solutions and then calcined at 400 º for 24 hours. This
treatment was done to remove residual organics while minimizing film densification through
collapse of pores [77,78]. These samples were then degassed under vacuum at 120 °C for 1 hour
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prior to the adsorption. The Barrett-Joyner-Halenda (BJH) method was applied to the adsorption
isotherm for the analysis of pore-size distribution.

Atomic force microscopy (AFM) and friction force microscopy (FFM) were conducted on a
Molecular Imaging PicoScan 3000 system in contact mode with Si tips on cantilevers of nominal

k = 3.0 N/m and radius ≈ 10 nm. Deflection and force were calibrated by using the slope of the
force curve on the approach and the nominal cantilever spring constant. The adhesive force
between the tip and film surface was taken as the cantilever pull-off force adjusted by the
cantilever resting position using a 5 nN applied load [76]. Three approach-retract curves per
location were averaged with sweep time set to 1 s each, and five of these measurements were
taken over random sample spots on the specimens. Relative friction measurements were made by
applying forces in the range of 0-50 nN to the tip scanning over 500 nm at a speed of 10 µm/s.
The friction force is reported here as a voltage signal, which should be proportional to the real
friction force [128,129]. Therefore, the results from the different film surfaces are comparable to
each other. All measurements were conducted at 21±2 ºC and 45±5 % relative humidity (RH).
The tip was cleaned between samples by immersion in acetone for 1 min followed by air-drying.

5.4. Results and discussion
5.4.1. Formation of templated functional films
As seen from the results shown in Figure 37, all unworn films had contact angles (CA) in the
range of 105-110 º with standard deviations of < 2 º. The contact angles on unworn surface were
independent of FPES concentration, which is often the case provided that the concentration of
the hydrophobic moiety exceeds a minimum threshold [81,82]. These unworn surfaces sit atop
the bulk of the templated films, and they are enriched through the surface segregating nature of
the fluorosilanes. What results is effectively a highly hydrophobic monolayer, which is observed
in the CA measurements shown in Figure 37. A cleaned and uncoated glass slide surface was
completely wetted with water and had no measurable contact angle. Likewise, a templated film
synthesized without FPES was wetted completely by water. Thickness increased linearly with
concentration of surfactant, since these organic species add bulk to the alkoxide matrix.

69

Figure 37. Contact angle of water on virgin and abraded films and film thickness versus concentration of surfactant
template added.

Topographical and friction force micrographs were obtained simultaneously using AFM. A
sample of these, obtained from a film templated with xs = 8 %, are shown in Figure 38. The film
was abraded with alumina slurry to expose the interior pore surfaces, and the sliding direction of
abrasion for micrographs (a)-(d) was from the top left to bottom right. Figure 38 (a) and (b) show
topography and friction, respectively, of a 4 µm2 area. (c) and (d) show topography and friction,
respectively, of a 0.25 µm2 area obtained from an area within that of (a) and (b). Wear tracks are
observable parallel to the direction of abrasion in both topographical micrographs (a) and (c). In
the large area scan (a) we observe some few remaining patches of the top surface that have
remained after abrasion. These surfaces appear as regions of lower friction (darker tone) in (b)
compared to the exposed internal surfaces which have higher friction (lighter tone). The smaller
topographical scan in Figure 38 (c) reveals a disordered mesoporous structure with pores
approximately 10 nm in diameter. The friction force micrograph in (d) indicates lower friction
with darker tones and higher friction with lighter tones. The micrograph (d) should be interpreted
with consideration that topographical features such as steps and scratches have been shown to
influence adhesion and friction mapping using AFM due to the increasing area of interaction
between the surface and tip [107-109]. In our case, we observe that in Figure 38 (b) only the
deepest of the wear tracks detected in Figure 38 (a) are observable as artifacts in the friction
force micrograph (b). Consequently, there may be some contribution of pore topography to the
friction-force distribution in Figure 38 (d), so these images should be interpreted in terms of the
interaction between tip and surface materials. With that in mind, Figure 38 (d) may be showing

70
that the internal pore surfaces are low-friction areas compared with the matrix material that
makes up the pore walls. This would happen if, through co-surfactancy, the FPES moieties were
more concentrated on the interior pore surfaces than if they were more evenly distributed within
the bulk of the matrix silica. This complements the findings of the contact angle measurements
that indicate that templating encapsulated hydrophobic/low-friction fluorinated moieties.

Figure 38 (e) and (f) show topography and friction force of an unworn film with an intact virgin
monolayer. We observe that the surface is very smooth, as shown in (e), with the vertical
topography range an order of magnitude lower than that of the abraded surface shown in (c).
Likewise, the variation in the friction force micrograph in (f) is relatively small, since the friction
signal range for this micrograph (range = 0.009) is also lower than that of the interior surfaces
shown in (c) (range = 0.035). This indicates that the monolayer surface is more uniform in
structure and composition, and that the templated and worn film has a relatively heterogeneous
structure and composition.

Figure 38. (a)-(d) Topographic and friction force micrographs captured by AFM of partially worn film with
composition xs = 8 %. (a) and (b) are scans of topography and friction, respectively (scan size: 2 µm × 2 µm; scan
speed: 10 µm/s; applied load: 20 nN; vertical topography range: 7 nm). (c) and (d) are scans of topography and
friction, respectively, of the same film shown (a) and (b) (scan size: 0.5 µm × 0.5 µm; scan speed: 10 µm/s; applied
load: 20 nN). (e) and (f) show topographic and friction force micrographs of a virgin monolayer (scan size: 0.5 µm ×
0.5 µm; scan speed: 10 µm/s; applied load: 20 nN; vertical topography range: 0.35 nm).
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After abrasion the roughness of the film surfaces increased slightly to between 10 and 20 nm due
to surface damage, so the contact angle measurements can be considered unaffected by surface
roughness effects. Figure 39 shows how rms roughness changed after abrasion for the functional
films. The roughness ratio (actual area from surface scan / projected nominal area) was
calculated to be = 1 with slight deviations smaller than 2×10-4. Such small deviations of the
roughness ratio from unity are not expected to significantly affect the observed contact angle of
liquids on the rough surfaces[130]. The CA values reported as subsurface measurements in
Figure 37 were obtained after at least 10 % of the film thickness was removed by abrasion, as
determined by stylus profilometry, in order to obtain a true representation of the bulk film
properties. The CAs measured after abrasion were decreased compared to the unworn films.
Without any surfactant template, the CA was low, indicating poor encapsulation of fluorinated
moieties. The subsurface CA measurement increased with template concentration, showing a
maximum at a concentration of xs = 8 %. This indicates that templating enables formation of
additional internal surfaces for encapsulation of the fluorinated moieties, preventing them from
migrating to the top surface.

Figure 39. Roughness (rms) of functional films after abrasion by 0.3 µm alumina slurry.

XPS analysis showed that the concentration of fluorine at the top surface of all films was high,
which accounts for the strongly hydrophobic character of the virgin films. The top few tens of
nanometers of film were removed by sputtering in order to reveal the composition of the film
bulk in each sample. Some representative spectra are shown in Figure 40. Figure 40 (a) shows
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surface and subsurface (sputtered) spectra of the F1s level of a film that has not been templated.
Likewise, Figure 40 (b) shows surface and subsurface spectra of the F1s level of a film that has
been templated at a concentration xs = 8 %. Comparison of the two plots shows that the
subsurface spectrum from the templated film is substantially higher than the subsurface spectrum
of the non-templated film. This indicates that templating indeed encapsulates the fluorinated
functional moieties that lend hydrophobicity and lubricity to the interior surfaces. A schematic
view of the templated film with intact top surface and removed top surface is shown in Figure
41, with the AFM tip moving laterally over the functional surfaces.
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Figure 40. XPS spectra of F1s levels taken from top surface and sputtered, subsurface samples from films with (a) xs
= 0 % and (b) xs = 8 %.

Figure 41. A schematic view of a template and internally functional film with intact top surface layer and after
removal of the top layer.

Nitrogen adsorption-desorption isotherms are shown in Figure 42 (a). All samples showed
IUPAC type IV isotherms, which are characteristic of mesoporous materials. As surfactant
concentration increased, the total adsorbed volume was increased. This indicates that the porosity
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of the films is likewise increasing. BJH pore size distributions are shown in Figure 42(b). These
distributions show that When xs is increased from 0 % to 4 %, there is a large change in the pore
structure: pores become larger and the distribution is greatly widened. However, increasing the
surfactant concentration from 4 % to 8 % does not substantially change the pore size distribution,
although from the adsorption isotherms we see that the total porosity has changed. These data
suggest that the surfactant and fluorosilane have a synergistic effect on the porous structure of
the films and the mechanism of fluorosilane encapsulation. Through cosurfactancy, the
fluorosilane molecules arrange together with the surfactant to form the porous structure. Since
the fluorinated moieties are hydrophobic they arrange on the interior pore surfaces, while the
silanol ends are grafted to the matrix. X-ray diffraction results (not shown) indicate a disordered
pore structure.

a

b

Figure 42. (a) Nitrogen adsorption-desorption isotherms on calcined films synthesized with different surfactant
concentrations. (b) BJH pore size distributions of the same films.

5.4.2. Micro-tribological study of internal surfaces
The micro-friction properties of the abraded films, a cleaned glass slide, and the top surface of
the unworn and non-templated film (labeled here as a FPES monolayer), were investigated by
FFM. AFM tip pull-off force was determined in order to provide a measure of the adhesive
forces between a tip reference surface and the film surfaces. Figure 43 (a) shows some
representative force–distance curves of the AFM cantilever interacting with glass, FPES
monolayer, and an abraded mesostructured fluorinated silica film. All curves have equal slopes
during loading and unloading, which indicates that all the surfaces recover elastically during
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unloading [124]. Figure 43 (b) shows a summary of the adhesive forces for various
compositions. The adhesive force is generally lowered as films become increasingly
hydrophobic, which is a commonly observed trend [89]. This is attributed to lower
intermolecular bonding forces between the film surface and either a liquid (in the case of contact
angle measurements) or a solid (in the case of AFM tip retraction) that are present when
fluorinated hydrophobic moieties are encapsulated, as was shown by the XPS spectra in Figure
40.

The film with xs = 8 % has a calculated adhesion force approximately equal to that of the FPES
monolayer. However, the standard deviation of the measurements is much greater than that of the
FPES monolayer. This variability indicates that the surface is comparatively more
heterogeneous, which may be expected from a mesostructured film such as this.

a

b

Figure 43. (a) Approach and retract force–distance curves, normal load = 5 nN. (b) Adhesive forces between an
AFM tip and surfaces of glass, FPES monolayer, and abraded surfaces of mesostructured fluorinated and nonfluorinated silica films at 45 % RH, normal load = 5 nN.

Figure 44 (a) shows plots of friction force versus normal load for the various surfaces
investigated here. Relative friction coefficients in Figure 44 (b) were calculated from the slope of
lines fit to these curves by a weighted least squares method and assuming Amontons’ law [76].
Data were normalized to the calculated friction coefficient of the bare glass surface. We observe
that films that are more hydrophobic are also lower friction due to the lubricating nature of
fluorocarbon materials. As with the calculated adhesion forces, the film with xs = 8 % has a
calculated relative friction coefficient nearly as low as that of the FPES monolayer, although its
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variability is substantially greater. The results shown here indicate that when the fluorinated film
is sufficiently templated, the internal surfaces display low friction coefficients and tip adhesive
forces comparable to that of a fluorinated monolayer. The film that was not functionalized but
was templated was shown to have a relatively high coefficient of friction, although not as high as
the cleaned glass slide and non-templated functional film.

a

b

Figure 44. Friction force microscopy data from 500 nm × 500 nm scans at a speed of 10 µm/s. Specimens were bare
glass, subsurfaces of mesostructures fluorinated films, a FPES monolayer, and a templated non-functional film. (a)
Friction signal versus normal load curves, and (b) relative friction coefficients normalized to the friction coefficient
of bare glass.

Comparing the friction coefficients from Figure 44 (a) and (b) and adhesive force data from
Figure 43 (b), we note that the pull-off forces for the bare glass must necessarily be higher than
the actual adhesive forces between the tip and surface materials, as has been described for
hydrophilic SiO2 [89]. As was done in the work of Ren et al., we attribute this to the higher
capillary forces acting between the tip and surface of hydrophilic materials, which increase the
apparent pull-off force and adhesive behavior when compared to more hydrophobic surfaces
where this capillary force has been minimized.
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Figure 45. Friction force versus tip velocity for subsurface regions of a non-templated film, a templated film, the
FPES monolayer on top of a virgin templated film, and a calcined surface re-functionalized with a FPES monolayer.
Applied load = 20 nN.

To determine the effect of tip velocity on friction, a 20 nN load was applied and surfaces were
scanned at various speeds. The FPES monolayer surface was compared to that of a subsurface
(abraded) region of a non-templated functional film and templated functional film with xs = 8 %,
and the results are plotted in Figure 45. These plots reveal that the surfaces have quite different
friction-velocity relationships. Friction increased with velocity only slightly for the FPES
monolayer, and with minimal variability in the measurements. Meanwhile, for the templated film
friction decreased with velocity at low scan speeds and was more stable between intermediate
and high speeds. These types of dependencies have been observed and described for various
types of chemical interfaces [127,131,132]. The FPES monolayer relationship is characteristic of
inert surfaces that interact only minimally with the tip [111,129,131], and the friction-velocity
relationship is determined by the surface molecular mobility and kinetics of reorientation with
respect to the tip velocity [132]. The behaviors of the interior functional surfaces of the other
films are characteristic of materials that can have stronger interactions with the tip surface. In
this case, the higher friction force at low velocity has been attributed to the formation of
intermolecular bonds between the two surfaces. At higher velocity, bond formation is interrupted
resulting in lower friction forces. In this case, the exposed internal surfaces of the fluorinated
mesoporous film presented to the scanning probe is heterogeneous. As shown in the schematic in
Figure 41 and the friction force micrographs in Figure 38 (b) and (c), this surface is composed of
exposed functional pores and relatively non-functional pore walls. We speculate that the pores
are low interaction/friction areas with a friction-velocity relationship similar to that of the FPES
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monolayer. The pore walls are higher interaction/friction surfaces with a negative frictionvelocity relationship. Even if the pores surfaces are fully functionalized, the combination of the
exposed pore wall surfaces in close proximity results in the observations shown here.
Furthermore, the less strongly interacting (hydrophobic) surface of the film with xs = 8 % shows
less of a difference in the frictional force at low and high speeds compared to the more strongly
interacting (hydrophilic) surface of the film with xs = 0 %. This reinforces the description of the
film with xs = 8 % as having a character intermediate to that of the non-templated film and the
smooth and fully fluorinated monolayer.

The comparison of these two friction-velocity relationships reveals a difference in the
characteristics of the two films. Although at an arbitrary velocity the templated film and
monolayer may exhibit similar friction coefficients, this is not the case at all velocities. This is a
consequence of the incompletely fluorinated surface of the templated material. From the results
in Figure 2, the surface of the film templated with xs = 8 % had a contact angle of approximately
90 º. This was higher than that of a non-templated or partially-templated film, but still lower that
the top surface layers (CA = 105-110 º). This was attributed to the partial encapsulation of
fluorosilanes, as evident from the XPS spectra in Figure 3. Although templating was able to
encapsulate the surface-segregating fluorosilanes, the fluorine concentration at the top surface
was still higher than that in the film bulk. Finally, the difference between the templated bulk
materials and the FPES monolayer is revealed in the variability of the adhesion and
microtribological measurements.

Table 2. Roughness (rms), water contact angle, and relative friction coefficient of abraded
films synthesized with xs = 8 %.

abraded
calcined

a,

re-functionalized

a,b

rrms /nm

θH2O /º

µ

13.2 ± 4.5

92

0.28 ± 0.02

14.0 ± 4.7

< 10

1.80 ± 0.07

13.2 ± 2.1

104

0.32 ± 0.01

a

calcined at 400 ºC for 10 minutes

b

with FPES monolayer
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In the case of these films, the effect of surface topography and chemistry are convoluted. As
shown in Figure 39 and Table 1, surface roughness increases after a film has been abraded.
Depending on the surfactant template concentration, the interior surfaces are more or less
functional in terms of hydrophobicity, tip-surface adhesion, and relative friction coefficient.
However, surface roughness is an important tribological factor, and its influence on measurable
properties like the friction coefficient cannot be neglected . To distinguish the difference between
topography and chemical contributions to friction, the fluorinated film with xs = 8 % was abraded
to expose interior surfaces and then calcined at 400 ºC for 10 minutes to burn off organics,
including fluorosilanes. As reported in Table 1, the water contact angle on this surface was very
low, and the friction coefficient very high, although the roughness had not changed. The same
surface was re-functionalized with a FPES monolayer (FPES only, without the TEOS matrix),
whereupon the contact angle increased greatly. The roughness of the refunctionalized surface
was still not significantly changed, although the friction coefficient had increased slightly
compared to the unworn, smooth monolayer that exists on the virgin top surface of all the
fluorinated films. The friction-velocity relationship, shown in Figure 45, illustrates that the
frictional force is higher than an unworn monolayer (nearly the same as that of the film with xs =
8 %), but that it has a very small dependence on velocity similar to that of the virgin monolayer.
These data show that the friction coefficient of the re-functionalized surface does depend on
roughness for an arbitrary scanning velocity, but that the surface is highly fluorinated and this is
reflected in the friction-velocity profile.

5.5. Conclusion
A series of fluorinated sol-gel silica films were synthesized by co-condensation with and without
a surfactant template to create internal mesoporosity. Surfactant template concentrations were
varied to examine the effect of encapsulated organic functionality on the microtribological
properties of films. Atomic force microscopy was used to probe the properties of virgin film
surfaces and surfaces of the internal mesostructure after the top layer was removed by mild
abrasion. Tip adhesion measurements and fixed-speed friction force microscopy indicated that
highly templated films had interior low-friction functionality approaching that of conventional
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densely-packed monolayers. However, the dependence of friction on sliding speed revealed that
fluorinated templated films have tribological properties intermediate to those of a non-functional
surface and a conventional fluorinated monolayer. We proposed that this was because the
templated films present a heterogeneous surface composed of functional pore regions and nonfunctional pore wall regions. Finally, scanning probe techniques may be used to explore the
encapsulation of other types of chemical functionality within mesoporous materials.
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6. General conclusions and outlook
6.1. Conclusions
This study investigated the use of surfactant templated mesostructured sol-gel silica films as
scaffolds for fluorinated silanes that provide sustained hydrophobic-oleophobic functionality
even after exposure to abrasive wear. Fluorosilane and surfactant template concentrations were
varied to elucidate the effect of composition on encapsulation of organic functionality and
porosity on tribological performance. Surfactant templating was necessary in order for worn
films to maintain non-wetting functionality through encapsulation of fluorosilanes. Templating
was found to influence porosity, pore size, and mechanical properties. Tribological testing
indicated that sustained functionality can mitigate the detrimental effects of porosity on hardness
and wear resistance but only up to a point, whereupon the mechanical properties become too
much degraded by multiple mechanisms.

6.2. Future work
6.2.1. Enhancing mechanical properties through matrix reinforcement
Increasing film hardness has the potential to further reduce wear rate. However, co-condensation
of functional silanes with alkoxide precursors limits thermal processing and, consequently,
matrix densification and mechanical properties of these hybrid films [41]. In considering the
mechanical strength of mesostructured films, special attention must be given to the possibility of
reinforcing the film structure through incorporation of hard nanoparticles such as silica or
zirconia or with carbon nanotubes, since porosity tends to degrade the mechanical strength of
materials. Using nanoparticles to reinforce mesoporous films has not been extensively studied,
but the few reports in literature indicate improvements in mechanical properties and the ability to
increase strength, stiffness, and the maximum attainable crack-free film thickness [133,134].
Some factors affecting mechanical strength include interfacial compatibility, interfacial strength,
and dispersion effect of silica particles. The interaction of particles with surfactants and their
distribution within the matrix will be of particular interest in this system. Particles may also
migrate within the thickness of the film, arranging themselves at the various interfaces or
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remaining more continuously dispersed throughout the bulk. Relating mechanical properties such
as Young’s modulus (E) and hardness (H) and wear characteristics of nanoparticle reinforced
mesoporous functional films still remains a relatively unexplored area.

6.2.2. Effect of sol aging on chemical and mechanical properties
In this study, sols were synthesized using a fixed aging time for consistency between batches.
However, since encapsulation is based on surfactant templating, and sol aging has been shown to
influence the efficacy of templating [50,62,63,65], there is likely an effect of aging on the
encapsulation of functional silanes. While dynamic light scattering has been used to quantify the
extent of aging of silica sols [135], 29Si liquid-state NMR provides more relevant details about
the chemical structure of a sol and the influence of that structure on the hydrolysis and
condensation of the silica framework.

6.2.3. Tuning porosity and pore size distribution
As mentioned in the conclusion of Chapter 3, encapsulation of fluorosilanes was accomplished
by surfactant templating, as shown in Figure 19. However, templating also greatly increased the
pore size, as shown in Figure 21, and the effects of chemical encapsulation and physical
geometry are convoluted. There is likely a contribution of geometry to macroscopically
measurable contact angle or surface energy. Furthermore, in the study reported here, surfactant
concentration was the primary means of controlling porosity and pore size, and while increasing
surfactant increased encapsulation, residual surfactant also increased surface energy. Various
sources report on the ability of tuning porosity and pore size by using swelling agents like
poly(propylene glycol), [70,136]. Swelling agents may be used to study the effect of surfactant
concentration and porosity/pore size on encapsulation independently of each other.

6.2.4. Investigate use with other types of functionality
Surfactant templating of mesostructured functional materials has the potential to enhance the
functional durability of other types of protective coatings, such as those designed for resistance
to corrosion and biofouling. Quaternary ammonium silanes (QAS) are just one type of functional
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silanes that provide biofouling resistance. These are also surface-segregating components that
tend to concentrate at the top surface of co-condensed films [126]. The use of surfactants to
encapsulate an internally functional mesostructure could make QAS films more durable. In using
this encapsulation technique, it is always necessary to consider the relative thermal stability of
the functional group and the surfactant template. If the functional group decomposes at a
temperature close to that of the surfactant, then the surfactant should be removed by another
method, such as by solvent extraction.
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